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ABSTRACT
The use o f mass spectrometry for thermochemical and structural determinations o f 
mononucleotides is presented in Part A o f  this work, and the analysis o f hydrophobic 
peptides and proteins are presented in Part B o f  this work. The goal o f  Part A  is to 
examine thermochemical and structural properties o f (deoxy)nucleoside 5'- and 3'- 
monophosphates. Part A consists of three groups o f experiments. The first set of 
experiments utilized the kinetic method with a fast-atom bombardment source and a 
double focusing sector mass analyzer. Conformational analysis and semi-empirical 
calculations o f mononucleotides were performed for the second set o f  experiments. The 
third set o f  experiments employed hydrogen/deuterium exchange reactions with an 
electrospray ionization source and a Fourier transform ion cyclotron resonance mass 
spectrometer. These data are significant because knowledge of the gas-phase 
thermochemical properties and structures o f  nucleobases, nucleosides and nucleotides is 
crucial in understanding gas-phase reactions o f  oligonucleotides and DNA observed in 
current mass spectrometric techniques.
The goal of Part B was to develop techniques for the mass spectral analysis of 
hydrophobic peptides and proteins using matrix-assisted laser desorption/ionization time- 
of-flight mass spectrometry (MALDI-TOF-MS). Hydrophobic peptides are difficult to 
characterize using mass spectrometric methods because they are often insoluble in 
aqueous solutions, which are typically required for mass spectral analysis. Two 
approaches were demonstrated. The first approach used organic solvents to dissolve the 
analyte and matrix to generate signal from a  model hydrophobic peptide. The second 
approach allows for the simultaneous analysis o f both hydrophobic and hydrophilic
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components o f the sample mixture by using surfactants to solubilize the hydrophobic 
components aqueous solutions. Mixtures of hydrophobic and hydrophilic peptides were 
characterized using surfactant-aided (SA) MALDI-MS, and it is demonstrated that all 
components are detectable once the surfactant is included in the sample solution. The 
applicability o f SA-MALDI-MS in peptide mapping experiments is demonstrated on a 
tryptic digest o f myoglobin and cytochrome c (two proteins), and on a tryptic digest o f  
CP 43 and CP 47, two hydrophobic polypeptides from the Photosytem II membrane 
complex o f spinach.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PART A: 
GAS-PHASE THERMOCHEMICAL AND STRUCTURE 
DETERMINATIONS OF MONONUCLEOTIDES
1
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CHAPTER 1. INTRODUCTION AND BACKGROUND
1.1 Significance/Goal
The goal o f this work is to acquire fundamental knowledge o f the gas-phase 
thermochemical properties and structures o f mononucleotides by mass spectrometric 
methods. This work is specifically aimed to determine the influence of the phosphate 
group on gas-phase mononucleotide chemistry and structure. To achieve this goal, the 
gas-phase proton affinities o f mononucleotides were determined, hydrogen/deuterium 
(H/D) exchange experiments were performed and molecular modeling and theoretical 
calculations of mononucleotides were conducted.
1.2 Mass Spectrometry
Mass spectrometry is a very effective technique for determining the fundamental 
chemical properties o f molecules in a solvent-free environment. A mass spectrometer 
consists of an ionization source to transfer the analyte to the gas-phase, an analyzer to 
separate masses based on various techniques and principles, and a detector. Until 
recently, mass spectrometry was only applicable to compounds that could be transferred 
easily into the gas-phase, such as compounds with a high vapor pressure. The analysis of 
nonvolatile or thermally labile compounds was not routinely possible until the 
development of the soft ionization techniques. The so-called soft ionization techniques 
are based on desorption methods (e.g., fast atom bombardment (FAB), matrix assisted 
laser desorption/ionization (MALDI), plasma desorption (PD)) or spray methods (e.g., 
thermospray, electrospray ionization (ESI))-
2
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1.2.1 Fast Atom Bombardment
The continuous bombardment o f a sample dissolved in a liquid matrix coated on a 
probe tip with energetic particles such as neutral Xe and Ar or Cs+ ions induces the 
emission (sputtering) o f secondary particles. These secondary particles include intact 
molecular ions, (M + H)+ or (M -H )\ o f the analyte and matrix peaks. The matrix, 
typically glycerol, serves to dissipate the impact energy and provide a "fresh" surface for 
the next impact o f the high-energy particles (De Pauw, Agnello et al.r 1991). A 
continuous ion beam with a high sample ion current ( 10*10 A) allows FAB sources to be 
compatible with scanning instruments, such as sector mass spectrometers (discussed in 
section 1.2.4). FAB sources made it possible to easily desorb intact molecular ions from 
large and complex organic molecules and biomolecules for the first time without prior 
modifications to the analyte o f  interest (Fenselau and Cotter, 1987).
1.2.2 Electrospray Ionization
The production o f ions via electrospray ionization involves the dispersal o f highly 
charged droplets at atmospheric pressure followed by droplet evaporation (Smith, Loo et 
al., 1990). An electrospray is produced by the application of a high electric field to a 
flow of liquid (1 -1 0  pL/min) from a capillary tube. A potential difference of 3-6 kV 
between the capillary and a counter electrode generates ions, charged droplets, and 
charged clusters to be sampled by the mass analyzer through a small orifice. A 
nebulizing or drying gas is used between the capillary and the orifice to evaporate the 
solvent leaving a highly charged ion (Smith, Loo et al., 1990). ESI provides intact 
molecular ions, (M + H)+ and (M + nH)"*, o f large molecules ( > 100,000 Da). Because 
the electrosprayed ions are multiply charged, and because mass spectrometry detects the
3
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mass-to-charge ratio, the mass range is extended for many mass analyzers. For example, 
the mass range for a  double focusing sector instrument is typically 10,000 Daltons; 
however a protein with a mass o f 1 0 0 , 0 0 0  can be detected provided the protein in the 
electrospray processes acquires more than 1 0  charges because the resulting mass-to 
charge ratio will be within the mass range o f the instrument ( 1 0 0 , 0 0 0  mass / 1 0  charge =
1 0 , 0 0 0  m/z).
1.2.3 Matrix-Assisted Laser Desorption/Ionization
While the exact mechanism o f MALDI is still not well understood, the general 
accepted MALDI process is as follows (Hillenkamp, 1991): To form ions in a MALDI 
experiment, a low concentration o f analyte is mixed with a matrix in a common solvent 
(usually water or a water/polar organic solvent mixture) and co-crystallized on a  probe dp 
or sample plate. A molar ratio ranging from 100:1 to 50,000:1 o f matrix to analyte is 
typical for MALDI experiments. The analyte typically exhibits no or low absorption at 
the wavelength o f the laser, while the matrix is typically highly absorbing at the 
wavelength o f the laser. When the laser light hits the analyte/matrix target, the matrix 
absorbs the energy, while the analyte is non-absorbing and does not acquire excessive 
energy, which could cause sample decomposition. The energy from the laser desorbs the 
matrix into the gas-phase and "carries" the analyte with it, followed by proton transfer 
from the matrix to the sample resulting in a (M + H)+ o f the analyte (Hillenkamp, 1991). 
Matrix ions and clusters are also observed, particularly in the low mass range (< 500 
amu) and can be a problem for the analysis of low molecular weight analytes.
4
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1.2.4 Double Focusing Sector Instruments
A double focusing sector instrument is a  combination o f electric and magnetic 
sector mass analyzers. A magnetic sector employs a  magnetic field that exerts a force 
perpendicular to the ion motion to deflect ions according to their momentum (Jennings, 
1990). When accelerated, ions enter a magnetic field o f strength Bi (in Tesla), and 
follow a circular path o f radius r (in meters). A t constant accelerating voltage, the m/z is 
proportional to the magnetic field squared as shown in Equation 1 .1
where m is the mass in Daltons, z is charge in coulombs, and Va is accelerating voltage in 
electron volts.
An electric sector applies an electric field that exerts a force perpendicular to the 
ion motion to deflect ions according to their kinetic energy in a circular path o f radius R 
(Jennings, 1990). Equation 1.2 shows the mass-to-charge dependence on the energy of
the ions
where Ek is the kinetic energy in joules.
The term "double-focusing" refers to the fact that the combination o f  electric and 
magnetic sectors focuses ions according to both momentum and energy to provide higher 
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A forward-geometry (EB) mass spectrometer has ion optics in which the electric 
sector is placed before the magnetic sector. A reverse-geometry (BE) mass spectrometer 
has ion optics in which the magnetic sector is placed before the electric sector.
Control o f the three parameters in a double focusing instrument, accelerating 
voltage (Va), the electric sector field strength (Ek), and the magnetic sector flux (B), 
determines the type o f mass spectrum generated. Under normal conditions, Va and Ek are 
held constant while B is scanned. Collision chambers in the first field-free region (just 
after the ion source) and second field-free region (just after the electric sector and before 
the magnet in the EB geometry) are used to induce ions to fragment in collision-induced- 
dissociation experiments (tandem mass spectrometry or MS/MS). In an EB sector 
instrument, if an ion, mj+, fragments in a field-free region, a metastable peak, m*+, can be 
formed. Using different types of linked scans, where B and Ek are scanned 
simultaneously at a constant Va, different information regarding product ions and 
precursor ions from the fragmentation of m*+ can be obtained. When the ratio of B/E 
remains constant, a mass spectrum of product ions formed from a pre-selected precursor 
ion in the first field-free region is generated. Product ion scan will be the type of 
scanning experiment used for the kinetic method experiments discussed in section 1.4.3 
and in Chapter 2.
1.2.5 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry
Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS) has the 
ability to make mass measurements with resolution and mass accuracy higher than any 
other type o f mass analyzer/detector (Amster, 1996). An FTICR instrument includes: a 
high field magnet (typically a superconducting magnet); an analyzer cell where ions are
6
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trapped, mass analyzed and detected; an ultra high vacuum system ( 1 0 " 9 - lO*10 torr is 
required for ultra-high resolution); and a sophisticated data system (frequency 
synthesizer, pulse generator, broadband r.f. amplifier and a transient digitizer) (Amster,
1996).
The cyclotron frequency of an ion in the plane perpendicular to the magnetic field 
is related to Equation 1.4
qB
1 4I7un
where fc is the cyclotron frequency in Hz, q is the charge of the ion in coulombs, B is the 
magnetic field in Tesla and m is the mass o f the ion in Daltons. In FTICR-MS, the 
magnetic field is held constant and the mass-to-charge-ratio is determined by measuring 
the cyclotron frequency (Marshall, Hendrickson et al., 1998).
FTICR-MS instrumentation and experiments are unique compared to other mass 
spectrometers. Ionization, mass analysis and ion detection occur in the same region (the 
analyzer cell or trap) in an FTICR-MS experiment at different times. These events all 
occur simultaneously and continuously, but in different locations in most types mass 
spectrometers (Amster, 1996). A typical experimental sequence for an FTICR 
experiment includes ion quenching, ion formation, ion excitation and ion detection in an 
analyzer cell or trap. For simplicity, a cubic analyzer cell will be used for further 
discussion. A cubic trap consists of six plates arranged in the shape o f a cube. The two 
plates perpendicular to the magnetic field are the trap plates. These plates usually have a 
small hole to allow ions to pass in between the plates to be trapped. The four remaining 
plates are used for excitation and detection.
7
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The quenching event ejects any ions left in the cell from a previous experiment. To 
accomplish this, a symmetric voltage is applied to the trap plates (e.g. +10 V to one trap 
plate and -10 V to the opposite plate). Ions are axially ejected along the z-axis under 
these conditions and the trap is emptied and ready for a new set o f  ions (Amster, 1996).
A new set o f ions can be formed either internally or externally. Internal ion 
formation occurs just outside the trapping plates and must be compatible with the ultra- 
high vacuum conditions (Amster, 1996). External ions, such as ions formed via 
electrospray, are formed outside o f the magnetic field/ and are guided to the analyzer cell 
with electrostatic guides (Limbach, Marshall et al., 1993) or r.f. ion lenses (Mclver, 
Hunter etal., 1985).
Ions in the magnetic field are confined in the x-y plane to orbit about the magnetic 
field line at their cyclotron frequency; therefore, the ion trap is used to confine the ions to 
a finite volume within the z-axis (Limbach, 1992). Positive ions are trapped with a 
positive electrostatic potential and negative ions are trapped with a negative electrostatic 
potential.
Once the ions have been formed and trapped, excitation o f the ions is necessary 
before the ions can be detected. The excite plates are opposite from each other and 
parallel to the magnetic field. An ion's natural cyclotron radius in a magnet is typically 
very small in comparison to the cell dimensions; therefore the ions need to be excited 
with a r.f. voltage that is in resonance with the ion. The second purpose of the excitation 
pulse is to form a coherent orbiting ion packet because the ions are normally randomly 
located in the cell. When the frequency of the r.f. pulse matches the natural frequency o f  
the ions in the trap, the ions will absorb the energy and be excited to a larger radius. Once
8
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the ion has absorbed sufficient energy to obtain a  radius within the confines of the trap, 
the r.f. pulse is turned off. The excitation pulse results in a coherent ion packet o f 
sufficient radius for detection and ions o f different masses are excited to the same radius 
if  the excitation is uniform in magnitude at each frequency.
Broadband excitation is used to excite and detect many masses simultaneously. 
Many frequencies are applied to the excite plates and this excitation pulse referred to as a  
rapid frequency sweep or chirp. Chirp excitation produces excitation o f relatively flat 
magnitude over a broad frequency range by use of relatively low excitation voltage 
(Marshall, Hendrickson et al., 1998). The disadvantages o f chirp excitation include non- 
uniform excitation amplitude across the spectrum and limited mass selectivity at the start 
and end frequencies o f the sweep (Marshall, Hendrickson et al., 1998). Another useful 
type of excitation is termed stored waveform inverse Fourier transform (SWIFT).
SWIFT excitation begins by defining the desired excitation profile in the mass-domain, 
conversion to a frequency-domain excitation spectrum and then performing an inverse 
Fourier transform to generate the desired time-domain excitation waveform (Marshall, 
Hendrickson et al., 1998). SWIFT excitation achieves the flattest and most frequency 
selective excitation magnitude spectrum theoretically possible (Marshall, Hendrickson et 
al., 1998).
After excitation, the ions spiral outward and, if the ion packet has a large enough 
radius, will pass by the detect plates (also opposite from each other and parallel to the 
magnetic field) and produce a time-dependant sinusoidal signal, which is reffered to as an 
immage current, on the detect plates termed image current (Buchanan and Hettich, 1993; 
Amster, 1996; Marshall, Hendrickson et al., 1998). The image current is converted to a
9
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voltage, amplified, digitized, and Fourier transformed to yield a frequency spectrum that 
contains information about frequencies and abundances o f  all ions trapped in the cell 
(Limbach, 1992; Buchanan and Hettich, 1993; Amster, 1996; Marshall, Hendrickson et 
al., 1998). The longer the ions are detected, the more precisely the measurement the 
measurement o f the ions can be made. The amplitude o f  the transient signal decays with 
time as collisions between the orbiting coherent ion packet and neutral molecules in the 
cell result in a  loss o f coherent motion. A low background pressure (10' 9 - 1 O' 10 torr) in 
the cell or vacuum chamber of the FTICR instrument reduces damping of the image 
current. FTICR time domain signals are typically apodized so as to suppress the broad 
base o f the line shape resulting from displaying the FT spectrum in magnitude-mode 
(Limbach, 1992; Marshall, Hendrickson et al., 1998).
1.2.6 Time-of-Flight
Time-of-flight (TOF) mass analyzers are very simple compared to sector mass 
analyzers and FTICR mass spectrometers. Ions are formed in the source and accelerated 
to a constant kinetic energy (eV) (Cotter, 1999). The accelerating voltages are typically 1 
- 30 kV (Hillenkamp, 1991). Ions then enter a drift region (D, in meters) or field-free 
region where they separate based on flight times (t in seconds) to a detector. The flight 
time o f an ion is proportional to the square root o f their masses, shown in equation 1 .5
r m \y*tn
t = D 1.5
2 e V .
where m is mass in Daltons, e is the charge in Coulombs and V is the voltage. Ions o f 
different masses arrive at the detector at different times to generate the mass spectrum. 
Resolution is typically poor in comparison to other mass analyzers for two main reasons.
10
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The first reason is ions will generally have an initial kinetic energy distribution from the 
ionization event (Cotter, 1999). Energy variation results in different velocities and 
different flight times from ions of the same mass. Secondly, equation 1.5 assumes all 
ions travel the same distance in the source. Generally there is initial spatial distribution 
which causes ions to enter the drift region with different energies (Cotter, 1999).
Ions produced by MALDI and separated in the drift region are converted electrons 
to via a conversion electrode. The surfaces of the electrode converter are usually copper- 
beryllium or a lead glass surface. The electrode must be relatively flat so that the ions 
flight path length is kept constant across the surface o f the detector (Hillenkamp, 1991). 
The secondary electrons formed are used to start the electron multiplication cascade in an 
electron multiplier. The yield of secondary electrons from the conversion electrode is a 
function of the velocity of the ions to be detected (Hillenkamp, 1991). Saturation of the 
detector with low-mass (high velocity) matrix ions can deplete the detector charge so that 
the detector is blind when the higher mass ions arriver later (Burlingame, Boyd et al., 
1998). Most TOF instruments reduce this problem by the use o f  a low mass gate, which 
is a synchronized electrical field immediately after the ion source used to deflect the 
unwanted low molecular weight ions (Burlingame, Boyd et al., 1998).
13 Thermochemical Definitions
By definition, the gas-phase basicity (GB) is defined as the negative o f  the Gibbs 
free-energy change (AG°) for Reaction 1.6, and the proton affinity (PA) is the negative of 
the enthalpy change (AH°) for Reaction 1.6
B + lT  ---- ► BIT -AG° = GB(B) 1.6
-AH° = PA(B)
11
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Similarly, the gas-phase acidity (GA) is the Gibbs free energy change for the
dissociation o f a proton from an acid, while the anion proton affinity (APA) is the
enthalpy change for Reaction 1.7 (Bursey, 1990).
HA — ► FT + A* AG° = GA(HA) 1.7
AH° = APA(HA)
1.4 Mass Spectrometric Techniques for Thermochemical and Structure 
Determinations
Mass spectrometry is a viable method to determine these gas-phase 
thermochemical properties. Three mass spectrometric methods are available for the 
determination o f the gas-phase proton affinity and anion proton affinity (Cooks and 
Kruger, 1977; Kebarle, 1977; Lias, Liebman e ta i ,  1984; Cooks, Patrick etal., 1994; 
Green and Lebrilla, 1997): the equilibrium method, the bracketing method and the kinetic 
method.
1.4.1 Equilibrium Method
Briefly, the equilibrium method involves allowing a reference base Ri and an 
unknown, MH, to come to equilibrium, as shown in Reaction 1. 8  (Green and Lebrilla,
1997):
M IT + Ri  ---- » R iH+ + M 1.8
The equilibrium constant, K*q, for Reaction 1.8, shown in Equation 1.9,





allows for the determination of the gas-phase basicity or proton affinity. RjH* and MH1” 
are the ion abundances o f the reference base and analyte respectively. M and Rj are the
12
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partial pressures o f  the reference base and analyte, respectivley. The equilibrium 
constant can be related to the standard free energy change (AG°) by Equation 1.10
AG° = -R T \n K eq = AH -T & S  1.10
where R is the ideal gas constant, T is temperature in degree Kelvin and AS is the entropy 
change.
Many compounds, especially most biomolecules, cannot be studied via the 
equilibrium method because this method requires high purity samples, very accurate 
partial pressure measurements and samples with a relatively high vapor pressure. 
Biomolecule samples do not typically have high vapor pressures and the partial pressures 
can not be measured easily.
1.4.2 Bracketing Method
The bracketing method is a common method for determining relative gas-phase 
proton affinities. It involves an ion-molecule reaction with a compound o f known proton 
affinity (Lias, Liebman et al., 1984; Cooks, Patrick et al., 1994). In the case of proton 
affinity measurements, a protonated molecule is allowed to undergo collisions with a 
neutral o f known proton affinity. If proton transfer from the unknown, (M + H)+, to the 
reference base, Rj, occurs, then the proton affinity o f the reference must be greater than 
the proton affinity o f  the unknown (Reaction 1.1 la). If  no proton transfer occurs, the 
proton affinity of the reference will be less than the proton affinity o f the unknown 
(Reaction 1.1 lb).
(M + H)+ + Rj (Ri +  H )+ +- M 1 .1 1 a
13
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(M + H)+ + Rj ----- ► No proton transfer 1.1 lb
A similar argument holds during the determination of anion proton affinities. By 
using reference compounds having a range of proton affinities, the proton affinity can be 
bracketed within 1-2 kcal/mol. The assumptions associated with this method are that the 
proton transfer occurs at a measurable rate and the reaction does not have excess kinetic 
energy. By choosing several reference compounds with proton affinities above and 
below the proton affinity o f the unknown, the possibility that no proton transfer between 
a reference and the unknown (Reaction 1.1 lb) is due to a barrier to proton transfer, rather 
than to unfavorable thermodynamics, can be determined. As in the kinetic method, 
discussed in 1.4.3, the bracketing method is based on the kinetics of the product ion 
formation, rather than a equilibrium process that is thermodynamically controlled. For 
instance, exothermic proton transfer reactions may not occur if  there is an energetically 
favorable alternate reaction route available to the reactants. Also, if sites o f proton 
transfer are hindered, the efficiency o f the reaction is reduced and the assignment of 
proton affinity is skewed. Non-observance of a proton transfer can occur if  the reaction 
has a negative Gibbs free energy change or if  the reaction is not exothermic by more than 
~ 2 kcal/mol. Finally, if the protonated species is not the most stable structure or has 
multiple isomers, rearrangement may occur along with the proton transfer such that the 
observed proton transfer, or lack thereof, does not truly represent the straightforward 
bracketing (Lias, Liebman et al., 1984; Cooks, Patrick et al., 1994; Green and Lebrilla,
1997).
14
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1.43 Kinetic Method
The kinetic method was developed by Cooks et al. and involves the use of 
competitive fragmentation o f a  proton-bound cluster ion or dimer to infer relative 
thermochemical properties (Cooks and Kruger, 1977; Cooks, Patrick et al., 1994). 
Specifically, this technique involves the formation of a proton-bound dimer [MHRi]+ that 
is mass selected and allowed to undergo metastable or collision-induced dissociation 
(CID) as depicted in Reaction 1.12.
Ideally after dissociation of the proton-bound dimer, the compound having the greater 
proton affinity preferentially holds the proton.
Similarly, negatively charged proton-bound dimers can dissociate to yield the 
products illustrated in Reaction 1.13.
where N is the unknown and RjH is the reference acid. Ideally after dissociation of the 
proton-bound dimer, the compound having greater anion proton affinity preferentially 
holds the proton.
[M — I t  - Rj] ------- ► M + HRs+
[ M - H - R j f 1.12
[N -H -R j] - 1.13
NH + Rj-
15
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The relative proton affinity of a compound can be determined using the kinetic 
method by measuring the relative abundances o f MH* and RiFr in Reaction 1.12. Under 
the assumption that no reverse activation energy barriers exist, the proton affinity is 
related to the relative abundance o f  these ions as shown in equation 1.14 (Cooks, Patrick 
etal., 1994)
, k M H * , Q ‘ APA
I n —  = ------ - =  In -------- 1.14
k, RtH  Q, RTeff
where k and ki are rate constants for the competing reactions in Reaction 1.12, Q* and 
Qi* are the partition functions for the activated complex, APA is the difference in proton 
affinities o f  M and Ri, Tefr is the effective temperature of the decomposing proton-bound 
dimer in degrees Kelvin, and R is the ideal gas constant. If it is assumed that the partition 
functions for the activated complexes are equal to each other so that
then Equation 1.14 reduces to
which can be expanded to
Q”
In -^ r -  *  0 1.15
q :
k APA
hi ——= ——— 1.16
k, RT'ff
k I ( \
i n  yp A  ~ p a . )k, RTtff
1.17
The rate constant ratio, k/ki, is assumed equal to the ratio o f the relative product ion 
abundances, [MH^/fRiH*] in Reaction 1.12. A plot, based on equation 1.17, of 
InflMFTyfRiH*]) versus the proton affinity o f several reference compounds (PAi) yields 
Tcfffrom the slope and the proton affinity o f the analyte (PA) from the y-intercept o f the 
regression line.
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The kinetic method relies on assumptions that, in some cases, make the kinetic 
method a poor choice for obtaining reliable thermochemical information. To obtain 
meaningful results with the kinetic method, the frequency factors (entropy) for the 
dissociation o f the proton-bound dimer into the two ions shown in Reaction 1.12 must be 
similar. Minimizing the entropy difference for the dissociation usually involves choosing 
references that are similar chemically, in structure and mass, to the species o f interest. 
The choice o f reference bases fulfilling the necessary entropy may be limited. In such a 
case, the assumption leading to Equation 1.14 may not be true. However, by choosing 
reference bases which are similar amongst themselves, Equation 1.17 should still yield a 
straight line because ln(Q*/Qi*) will be constant for the various reference bases, Ri 
(Cheng, Wu et al., 1993).
1.4.4 H/D Exchange
Hydrogen/deuterium (H/D) exchange combined with mass spectrometry has 
emerged as an effective tool for studying gas-phase structure o f biological samples (Katta 
and Chait, 1993; Campbell, Rodgers etal., 1994; Gard, Green et al., 1994; Green and 
Lebrilla, 1997; Freitas, Hendrickson et al., 1998; Freitas, Shi etal., 1998; Robinson, 
Greig et al., 1998; Wyttenbach and Bowers, 1999). Examining H/D exchange patterns 
and behavior can determine the number o f  available labile hydrogens, distinguish 
between isomers o f a molecule, infer structural features of the molecule and infer 
thermochemical properties such as proton affinities (Campbell, Rodgers et al., 1994; 
Green, Gard et al., 1995; Green and Lebrilla, 1997).
H/D exchange reactions are conveniently measured with FTICR-MS in which the 
ions o f interest are trapped for extended periods o f time in the presence o f the deuterating
17
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reagent held at a constant pressure (Green and Lebrilla, 1997). The benefits o f high field 
H/D exchange are specifically outlined in the Freitas et al. demonstration of high field 
FTICR-MS for simultaneous trapping and gas-phase H/D exchange o f peptides (Freitas, 
Hendrickson et al., 1998). One benefit includes extended trapping period at high field 
because trapping period varies as the square o f the magnetic field strength (B2). A 
second benefit of high field FTICR-MS H/D exchange includes the higher resolution with 
which stored waveform inverse Fourier transform (SWIFT) can be applied such that the 
monoisotopic (pseudo)molecular ion can be isolated easily and accurately therefore 
eliminating the isotopic distribution. Every molecule has a natural distribution o f 
isotopic atoms, which can be resolved in FTICR mass spectra. These natural isotope 
abunduances can interfere with H/D incorporation as the masses can overlap. Without 
SWIFT, the theoretical isotope distribution ion abundances from the mass spectrum are 
subtracted out (Dienes, Pastor et al., 1996). H/D exchange experiments without the 
ability of SWIFT requires deconvolution of the mass spectrum. The accuracy and 
precision of SWIFT isolation o f monoisotpic ions also allows for simultaneous gas-phase 
H/D exchange of different ions assuming overlap of the analyte's mass-to-charge ratio 
(m/z) in the mixture does not occur.
H/D exchange reactions count the number of labile hydrogens (hydrogens attached 
to heteroatoms O, N and S) in organic compounds (Campbell, Rodgers et al., 1994; 
Brodbelt, 1997). This method involves the gas-phase reaction o f a protonated analyte 
with a deuterated reagent, such as D2O, ND3, or CD3OD. The mass shift of deuterium 
incorporation by the analyte is monitored over a period of time. The amount of
18
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deuterium incorporation can distinguish between isomers o f  a  molecule and can infer 
structural features of the molecule.
1.4.5 Computational Calculations
Ab initio calculations with sufficiently large basis sets can predict absolute values 
o f the proton affinities or gas-phase acidities of molecules (Davis and Shirley, 1976). 
Because of the difficulties in applying ab  initio methods to medium and large molecules, 
semi-empirical methods are often used instead (Levine, 1991).
Shifts in core-electron binding energies (ESCA shifts) are closely connected to 
charge distributions (electrostatic potentials) in molecules, and therefore can be useful in 
elucidating thermochemical properties (Shirley, 1972). CNDO/2, an intermediate level 
of molecular orbital theory, was demonstrated to calculate relative acidities and basicities 
using a proton potential model based o n  differences in the electrostatic potentials (Davis 
and Rabalais, 1974; Davis and Shirley, 1976). This method o f computational chemistry 
was a good compromise from laborious ab initio calculations and semi-emperical 
methods because it gave results closer to  experimental values than determining the proton 
affinities or acidities based on difference in total energy.
AMI and PM3 methods of semi-empirical calculations can be easily used to 
calculate the proton affinities from the calculated heats of formation from the neutral 
molecule, the and the protonated species. These methods use parameters derived 
from experimental values or other ab initio calculations. While they are not as accurate 
as ab initio, they are a good alternative when expertise of the experimenter, cost and time 
are of importance.
19
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.5 Previous Studies
Mononucleotides consist o f a nucleobase (adenine, guanine, cytosine and 
thymine/uracil), a furanose sugar and a phosphate group as shown in Figure 1.1. The 
phosphate group forms the backbone to link the nucleoside (nucleobase and sugar) to 
assemble oligonucleotides. While there have been numerous studies of the gas-phase 
properties o f nucleobases and nucleosides, very little is known regarding the influence 
the phosphate group has on the gas-phase properties o f  these molecules.
Until recently, structure elucidation and thermochemical determinations o f 
biomolecules mainly have been focused on condensed phase studies primarily because 
biological activity occurs in the condensed phase. Since the development FAB, MALDI 
and ESI, mass spectrometry is available to study biomolecules in the gas-phase on a 
routine basis. With these techniques available, determining if  and how the gas-phase 
structures and thermochemical properties o f biomolecules differ from the condensed 
phase is now possible.
Sindona et al. have measured the gas-phase proton affinities of the
ribonucleosides and deoxyribonucleosides using the kinetic method and FAB (Greco,
Liguori et al., 1990; Ligouri, Napoli et al., 1994) and their results are shown in Table 1.1.
Table 1.1. Gas-Phase Proton Affinities o f Nucleosides determined by Sindona et al. 





















































Figure 1.1 Structure and nomenclature of mononucleotides.
Pyrimidines
They have shown that the addition o f  the 2'-OH on the ribose sugar of ribonucleosides
results in proton affinities approximately 0.3 - 1 .6  kcal/mol lower than the proton
affinities o f the deoxribonucleosides (cf. Table 1.1).
The gas-phase anion proton affinities of mononucleotides have not been
measured. Semi-empirical calculations using both AMI and PM3 at the unrestricted
Hartree Fock (UHF) level have been conducted to calculate the gas-phase acidities o f the
nucleobases (Rodgers, Campbell et al., 1994). These results are summarized in Table 1.2.
Table 1.2. Calculated acidities o f nucleosides and related compounds using AMI and 
PM3 UHF calculations reported in kcal/mol (Rodgers, Campbell et al., 1994)._________
Compound Position AMI (UHF) PM3 (UHF) Experimental
Adenine 1 332.9 327.0 -
2 349.0 340.0 -
3 350.0 340.9 -
Cytosine 1 338.9 328.2 -
2 345.6 338.1 -
3 351.5 345.1 -
Guanosine 1 330.5 327.0
2 333.4 326.7 -
3 335.8 325.9 -
4 337.3 333.1 -
Thymine 1 328.0 322.3
2 344.1 336.7 -
Imidazole 1 346.2 340.4 350.2 ±2.1’
Ar-methylformamide 1 366.3 356.4 360.5 ± 2. lb
Dimethylphosphate I 340.0 342.0 331.6 ±4.1c
Ethylisopropylphosphate 1 336.8 340.3 -
a Measured by ion/molecule reaction equilibria (Taft, Aniva et al., 1986). 
b Measured by ion/molecule reaction equilibria (Taft and Topsom, 1987). 
c Measured by ion molecule reaction equilibria (Lum and Grabowski, 1992).
Rodgers et al. determined the most acidic site on each nucleobase to be the attachment 
site (labeled 1 for each nucleoside, see Figure 1.2) (Rodgers, Campbell et al., 1994). By
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Figure i. 2. Structures of the nucleobases and model compounds for which 
the acidites were calculated. The arrows indicate the positions of the acidic 
sites in the molecule corresponding to Table 1.2.
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comparing experimental results o f  imidazole and Ar-methylformamide (considered to be 
close models o f the attachment sites for nucleobases) Rodgers et al. suggest the AMI 
calculations are 4-5 kcal/mol too low for adenine and guanine and 4-5 kcal/mol too high 
for cytosine and thymine. Finally, Rodgers et al. predict the gas-phase acidity o f  the 
phosphodiester backbone to be 329 kcal/mol based on the calculated results o f dimethyl 
phosphate and ethyl isopropyl phosphate.
1.6 Research Plan
Knowledge of the condensed-phase thermochemical properties and structures o f 
nucleobases, nucleosides and nucleotides is crucial in understanding condensed-phase 
reactions o f  oligonucleotides and DNA. The equivalent is true with respect to the gas- 
phase thermochemical properties and structures o f these molecules.
MALDI has become a method o f choice for the routine analysis o f peptides and 
proteins up to several hundred thousand Daltons (Gross, Leisner et al., 1998). 
Unfortunately, MALDI-MS analysis of oligonucleotides and nucleic acids has not 
reached a similar level. Practical applications o f  MALDI-MS of oligonucleotides are 
limited to the 100-mer or 35 kDa level, less than one tenth of the level achievable for 
proteins (Gross, Leisner et al., 1998). Two explanations for the limitations o f MALDI- 
MS for oligonulceotides have been proposed.
The first explanation is that salt adduction to the phosphate backbone limits the 
sensitivity o f the mass measurement (Hettich and Buchanan, 1991; Nordhoff, Cramer et 
al., 1993). At neutral pH, each nucleotide residue is negatively charged because the 
phosphate backbone is highly acidic with a pKa o f» 1 (Phillips and McCIoskey, 1993). 
Positively charged counterions, internal hydrogen bonding and extensive solvation
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stabilize the highly charged molecule. As a result, transfer o f oligonucleotides from the 
condensed phase to the gas phase is energetically very unfavorable. As solvent is 
removed during the process o f moving from the condensed phase to the gas phase, 
Coulombic interactions between the negatively charged phosphate groups increase the 
instability of the oligonucleotide. To reduce the electrostatic interactions, the gas-phase 
structure is believed to be very compact with internal solvation between the phosphate 
groups, (Phillips and McCloskey, 1993) and charge neutralization by alkali metal 
adduction occurs. Salt adduction degrades the quality o f the mass spectrum by causing 
peak broadening, which becomes more problematic as the oligonucleotide increases in 
mass. This problem has been eliminated somewhat by exchange o f the alkali salt with 
ammonium salts or addition o f co-matrices (Pieles, Zurcher et al., 1993; Simmons and 
Limbach, 1997).
The second proposed difficulty arises from ion fragmentation (Nordhoff, Cramer 
et al., 1993; Schneider and Chait, 1993; Nordhoff, Karas et al., 1995; Zhu, Parr et al., 
1995). Fragmentation o f oligonucleotides can occur over various time scales. Prompt 
fragmentation occurs on the nanosecond time scale and metastable fragmentation occurs 
on the microsecond time scale. Oligonucleotide fragmentation is initiated by base 
protonation, possibly from the matrix or from the acidic phosphate group. The 
protonated base weakens the N-glycosidic bond between the base and the sugar. I f  extra 
internal energy is then present, this bond can break, which is then often followed by a 
variety of backbone cleavages. Figure 1.3 demonstrates one fragmentation mechanism 
when the oligonucleotide is negatively charged. The observed stability of 
oligonucleotide bases to fragmentation has been determined to be T(U) »  C > A,G by
25
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Roepstorff (Nordhoff, Cramer et al., 1993), Chait (Schneider and Chait, 1993) and 
Hillenkamp (Nordhoff, Kiepekar et al., 1994) and T »  A > C,G by Smith (Zhu, Parr et 
al., 1995). The stability o f the nucleobases follows the proton affinities o f the nucleosides 
(cf. Table l.l) .
It is known that oligothymidylic acids are resistant to fragmentation (Nordhoff, 
Cramer et al., 1993). The proton affinity o f the phosphate group is predicted to be 220 - 
225 kcal/mol (Tang, Zhu et al., 1997) suggesting that it is possible for the phosphate 
moiety to protonate instead o f the thymine base, thus reducing fragmentation.
RNA has been shown to be more resistant to bond scission than DNA because of 
the 2’-OH group (Tang, 1997). The electron withdrawing nature o f the 2’-hydroxyl 
group associated with RNA destabilizes the formation o f the carbocation intermediate 
formed by the breaking o f the N-glycosidic bond. Fragmentation also appears to be 
matrix dependent. For example, 2,4,6-trihydroxyacetophenone and 3-hydroxypicoIinic 
acid are less prone to oligonucleotide fragmentation than 2,5-dihydroxybenzoic acid and 
6-aza-2-thiothymine (Zhu, Parret al., 1995).
Presently, the proton affinity o f the mononucleotides is not known nor is it known 
how the phosphate group affects the proton affinity o f the nucleobases. The gas-phase 
proton affinities o f (deoxy)nucleoside 5’- and 3’-monophosphates (mononucleotides) will 
be determined using the kinetic method. Positive ion gas-phase H/D exchange o f the 
same mononucleotides will be performed to elucidate gas-phase structures. Finally, 
molecular modeling will be used to augment results from experimental data. Semi- 
empirical calculations to calculate the proton affinity o f the mononucleotides and 
conformational analysis will be examined. An outline o f the research necessary to
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determine the thermochemical properties and gas-phase structures of the 
mononucleotides is presented below.
1) Determination o f the gas-phase proton affinities o f the mononucleotides using the 
kinetic method and FAB in Chapter 2.
2) Molecular modeling and theoretical calculations o f gas-phase mononucleotides in 
Chapter 3.
3) H/D exchange studies of protonated mononucleotides in Chapter 4.
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CHAPTER 2. GAS-PHASE PROTON AFFINITIES OF THE 
MONONUCLEOTIDES DETERMINED BY THE KINETIC 
METHOD
2.1 Introduction
The mass spectrometric characterization of oligonucleotides and nucleic acids has 
benefited enormously from the introduction of soft ionization techniques such as fast 
FAB, MALDI and ESI. Information which can be obtained using these methods includes 
oligonucleotide molecular weight, the primary sequence o f the biopolymer, and 
secondary or tertiary structural features (Limbach, 1996; Nordhoff, Kirpekar et al., 1996). 
Concurrent with the growth in analytical information one can obtain from 
oligonucleotides is a clearer understanding of the gas-phase behavior and properties o f 
such compounds.
For example, the proton affinity (defined in Reaction 1.6 ) has an important influence 
on oligonucleotide ionization (Bleicher and Bayer, 1994; Kirpekar, NordofFet al., 1995; 
Schneider and Chait, 1995; Nordhoff, Kirpekar et al., 1996; Tang, 1997; Simmons and 
Limbach, 1998; Chou, Williams et al., 1999) and dissociation (McLuckey and Habibi- 
Goudarzi, 1993; Nordhoff, Cramer et al., 1993; Phillips and McCloskey, 1993; Rodgers, 
Campbell et al., 1994; Habibi-Goudarzi and McLuckey, 1995; McLuckey, Viadyanathan 
et al., 1995; Rodgers, Campbell et al., 1995; Zhu, Parr et al., 1995; Limbach, 1996; 
McLuckey, Stephenson etal., 1997; Rodgers, Campbell et al., 1997; Tang, 1997; Wang, 
Wan et al., 1998) in the gas phase. Although the proton affinities of nucleobases and 
nucleosides have been determined previously using a variety o f methods (Wilson and 
McCloskey, 1975; Meot-Ner, 1979; Greco, Liguori et al., 1990; Ligouri, Napoli et al., 
1994), there are no reports which have determined the proton affinities o f the
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mononucleotides. Determination o f the proton affinities o f mononucleotides, which are 
models more closely related to oligonucleotides than are nucleobases or nucleosides 
alone, will further our understanding of the gas-phase behavior o f these types o f analytes.
The condensed-phase chemistry o f nucleic acids is well established. The pKa's of 
nucleobases, nucleosides and nucleotides, combined with knowledge o f sites o f 
protonation, have improved our understanding o f chemical reactions fundamental to 
biological systems. Intermolecular base pairing and base-metal interactions depend on 
pKa values, charge densities and tautomeric states o f nucleotides (Saenger, 1984). 
However, similar information regarding the role of the phosphate group on the gas-phase 
properties o f mononucleotides is not available.
The goals o f this work are to determine how the phosphate group affects the proton 
affinity of mononucleotides relative to nucleosides, and to determine if the position o f the 
phosphate group (5’-mononucleotides vs. 3’-mononucleotides) affects the relative proton 
affinity values. In this work, we have used the kinetic method to determine the proton 
affinities of the 16 mononucleotides. In all cases, a minimum of three structurally similar 
reference compounds were utilized. We also investigated the influence chemically 
dissimilar reference bases have on the experimentally determined values.
2.2 Experimental
2.2.1 Chemicals and Reagents
The mononucleotides were purchased as free acids from Sigma (St. Louis, MO) 
except for deoxyguanosine 3'-monophosphates and thymidine 3'-monophosphate, which 
were purchased as ammonium salts and uridine 3'-monophosphate and guanosine 3'- 
monophosphate, which were purchased as sodium salts. Triethylamine (TEA),
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tripropylamine (TPA), pyrrolidine (Pyr), piperidine (Pip), 2,2,6,6-tetramethylpiperidine 
(TMP), quinuclidine (Quin), imidazole (Imid), 1 ,2-dimethylimidazoIe (DMI) and 
tributylamine (TBA) were purchased from Sigma (St. Louis, MO, USA) and used 
without further purification. Saturated aqueous solutions o f the mononucleotides were 
mixed with neat solutions o f  the appropriate reference amines in a 1 :1  ratio.
2.2.2 Mass Spectrometry
Mass spectra were obtained on a Finnigan MAT 900 double focusing sector mass 
spectrometer (Bremen, Germany). The FAB source was a 15 keV Cs+ ion beam at a 
neutral current of 15 pA. Glycerol or thioglycerol was used as the matrix for all 
mononucleotides depending upon which gave a better proton-bound dimer peak and 
which minimized decomposition o f the mononucleotide as monitored during the 
magnetic field scan. Product ions were generated from proton-bound dimer peaks under 
metastable or collision induced dissociations (CID) conditions. For the CID experiments, 
the collision energy (Eiab) was held constant at 4500 eV and either argon or helium were 
used as the collision gas.
2.2.3 Kinetic Method Experiments
Piperidine, pyrrolidine and imidazole were used as the reference bases for 
deoxythymidine 5'-monophosphate, deoxythymidine 3'-monophosphate, uridine 5'- 
monophosphate and uridine 3'-monophosphate (dpT, dTp, pU and Up, respectively). 
Quinuclidine, 2,2,6,6-tetramethylpiperidine, tripropylamine, tributylamine, 1,2- 
dimethylimidazole and triethylamine were used in various combinations as the reference 
bases for all other mononucleotides investigated. Each mononucleotide was analyzed 
with a minimum of three reference bases. The relative abundance o f the protonated
31
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
reference base to the protonated mononucleotide after metastable decay or collision- 
induced dissociation o f the proton-bound dimer was determined from the average o f ten 
product ion scans and was measured three separate times to ensure reproducibility. The 
standard deviations of the proton affinity were determined by calculating the standard 
deviation of the intercept and expressed as uncertainties at the 95% confidence level.
2.3 Results and Discussions
2.3.1 Analysis of Proton-Bound Dimers
The reference amines used in this study, along with their gas-phase proton affinities, 
are listed in Table 2.1.
Table 2.1. Gas-phase proton affinities o f the reference bases used in this study. “Proton 
affinity values are from (Hunter and Lias, 1998). ________






1 ,2 -dimethylimidazole 235.3
2 ,2 ,6 ,6 -tetramethylpiperdine 235.7
Tripropylamine 237.1
Tributylamine 238.6
The reference amines were chosen initially because their tabulated proton affinities 
were close to the proton affinities o f the ribonucleosides. Piperidine, pyrrolidine and 
imidazole were used to form stable proton-bound dimers with deoxythymidine 5'- 
monophosphate, deoxythymidine 3'-monophosphate, uridine 5'-monophosphate and 
uridine 3'-monophosphate. Quinuclidine, 2,2,6,6-tetramethylpiperidine, tripropylamine, 
triethylamine, tributylamine, and 1 ,2 -dimethylimidazole were used to form stable proton- 
bound dimers with the remaining mononucleotides.
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Figure 2.1 contains a representative mass spectrum o f deoxycytidine-5'- 
monophosphate mixed with 2,2,6,6-tetramethylpiperidine (Figure 2.1a) and the product 
ion mass spectrum o f the metastable decomposition o f the proton-bound dimer o f 
deoxycytidine-5-monophosphate and 2 ,2 ,6 ,6 -tetramethylpiperidine (Figure 2.1b).
Similar to the data in Figure 2.1b, only those proton-bound dimers which dissociated to 
yield both a protonated mononucleotide and a protonated reference base ion at detectable 
ion abundances were used for further calculations for all o f the mononucleotide/reference 
base pairs studied. Figure 2.2 contains representative linear regression plots o f In(k/ki) 
versus the proton affinity of the reference bases under metastable decay experimental 
conditions. Figures 2.2a and 2.2b are the linear regression plots for deoxyadenosine 5'- 
monophosphate and deoxythymidine 3-monophosphate, respectively. Each o f these 
plots shows a good linear correlation (correlation constant > 0.99) and low standard 
deviations for the individual experimental measurements as depicted by the y-axis error 
bars. In general, all other mononucleotides investigated yielded similar linear regression 
plots with values for the correlation constants exceeding 0.90. However, five 
mononucleotides yielded poorer fits to a  linear function. Two o f these, deoxyadenosine 
3’-monophosphate and deoxyguanosine 3’-monophosphate, are shown in Figures 2.2c and 
2.2d, respectively. The other three mononucleotides which did not show a strong linear 
correlation were uridine 5'-monophosphate (correlation constant = 0.81), cytidine 5'- 
monophosphate (correlation constant = 0.83) and adenosine 3-monophosphate 
(correlation constant = 0.86) and are shown in Figure 2.3. As discussed later, multiple 
sites o f protonation or intramolecular hydrogen-bonding may be the cause of the poor 
behavior exhibited by these particular mononucleotides.
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Figure 2.1. Representative mass spectra for mononucleotides characterized using the 
kinetic method, (a) Mass spectrum o f dpC and 2,2,6,6-tetramethylpiperidine in glycerol, 
(b) Metastable decomposition mass spectrum of the dissociation of the proton bound 
dimer at m/z 450.
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2.3.2 Thermochemical Data from the Dissociation of Proton-bound Dimers
Table 2.2 summarizes the data obtained from the analysis o f the dissociation of 
proton-bound dimers o f the mononucleotides and reference bases under metastable decay 
experimental conditions.
Table 2.2. Proton affinities of the mononucleotides and the Teff o f metastable decay 
from proton-bound dimers o f the mononucleotides and reference bases. Proton affinities 
are in kcal/mol and effective temperatures are in Ka._________________
Analyte PA Teff Analyte PA Teff
dA 237.2b A 236.9b
dpA 237.4 ±0.3 294 pA 237.6 ±0.5 556
dAp 236.4 ± 1.9 643 Ap 235.2 ± 0.7 347
dG 238.2b G 237.7b
dpG 237.0 ± 0.9 375 pG 236.2 ± 0.5 290
dGp 235.5 ±0.8 248 Gp 235.3 ±0.3 458
dC 236.4b C 234.8b
dpC 236.8 ± 0.5 709 pC 234.7 ± 0.9 344
dCp 234.8 ±  0.5 364 Cp 234.4 ± 0.4 316
dT 226.8b u 226.5b
dpT 224.1 ± 1.5 591 pU 224.5 ± 2.9 542
dTp 225.6 ±0.1 524 Up 226.2 ±  1.5 325
a The experimental errors were calculated from the linear regression fits at the 95% 
confidence interval. The actual uncertainties are also affected by the uncertainties in 
the reference bases utilized, which are on the order o f ±  < 2  kcal/mol. 
b Values from (Ligouri, Napoli et al., 1994). The experimental errors are estimated to 
be on the order o f ±  < 2 kcal/mol.
The proton affinities and their associated errors at the 95% confidence interval are 
shown along with the determination of Teff from the slopes o f each of the linear 
regression fits. With the exception of the deoxythymidine and uridine monophosphates, 
the following trends are seen in the data:
1. The proton affinities o f the deoxynucleoside monophosphates are higher than the 
proton affinities o f the corresponding nucleoside monophosphates.
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2. The proton affinities o f the (deoxy)nucleoside 5'-monophosphates are higher than 
the proton affinities o f the corresponding (deoxy)nucleoside 3'-monophosphates.
3. The proton affinities follow the trend (deoxy)adenosine monophosphates > 
(deoxy)guanosine monophosphates >  (deoxy)cytidine monophosphates.
The proton affinities o f the thymidine and uridine monophosphates are significantly 
lower than the proton affinities o f the other (deoxy)nucleoside monophosphates; a  trend 
which is also seen in the proton affinities o f  the (deoxy)nucleosides (Greco, Liguori et al., 
1990; Ligouri, Napoli et al., 1994). However, unlike the other mononucleotides, the 3 - 
monophosphates for deoxythymidine and uridine have a higher proton affinity than the 
corresponding 5'-monophosphates.
Sindona and co workers found that the addition o f the 2 '-hydroxyl group to the 
ribonucleosides yielded a lower proton affinity than for the corresponding 
deoxynucleoside (Ligouri, Napoli et al., 1994). They rationalized this difference in 
proton affinity as being due to the electron-withdrawing properties of the hydroxyl group. 
The addition o f this electron-withdrawing group destabilizes the protonation of the 
nucleobase and is manifested as a decrease in the measured proton affinity o f  the 
ribonucleosides. In this work, we were interested in determining whether addition o f the 
electron-withdrawing phosphate group would have a similar effect on the proton 
affinities of the mononucleotides relative to the nucleosides. However, in this case, the 
phosphate group cannot directly affect the stability of the glycosidic bond, as in the case 
of the 2'-OH group, as the phosphate group is located at either the 5'- or 3'-carbon o f the 
sugar.
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A comparison o f the (deoxy)nucleoside proton affinities determined previously with 
the mononucleotide proton affinities determined in this work finds no definitive trend 
with the addition o f the phosphate group. However, it is worth noting that, in general, the 
proton affinities o f the (deoxy)nucleoside 5'-monophosphates are similar to the 
corresponding proton affinities o f the (deoxy)nucleosides and the proton affinities o f  the 
(deoxy)nucleoside 3’-monophosphates are slightly lower than the proton affinities o f  the 
corresponding (deoxy)nucleosides. As discussed below, the proton affinities o f  the 5 -  
monophosphates may be less than found here due to entropy effects. Also, the proton 
affinities of the 3-monophosphates may underestimate the actual proton affinities, again 
due to entropy effects. In addition, phosphate-nucleobase interactions occurring after 
protonation may be influencing the data reported here.
2.3.3 Entropy Effects
As mentioned in section 1.4.3, the lack o f chemically similar reference bases to the 
mononucleotides analyzed in this work may negate the assumption that the partition 
functions for the activated complexes are equal to each other (Equation 1.15). Fenselau 
and co-workers (Cheng, Wu et al., 1993; Wu and Fenselau, 1994) and Wesdemiotis and 
co-workers (Cerda and Wesdemiotis, 1996; Nold, Cerda et al., 1999) have shown that the 
effects of entropy on proton affinity determinations can be assessed by evaluating the 
dissociation o f proton-bound dimers at different internal energies using a combination of 
metastable decay and low energy CID data.
The MAT 900 double focusing instrument available in the LSU Chemistry 
Department’s mass spectrometry facility only allows for high-energy collisions in a CID 
experiment, and the software available on the MAT 900 does not allow the user to change
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the collision energy. Therefore, using the exact approach by Fenselau et al. and 
Wesdemiotis et al. was not possible for this study. Using high energy CID to study the 
entropy effects on the proton affinity may have significant drawbacks. Varying the 
internal energy imparted to the proton-bound dimer can be performed using collision 
gases with different masses shown in Equation 2.1
where Egom is the maximum amount o f kinetic energy available for conversion into 
internal energy o f the ion in keV, mt and mi are the masses o f the target atom and ion 
respectively in Daltons and Eiab is the kinetic energy o f the ion in the laboratory frame in 
keV. However, this approach will give a distribution of internal energies. Under the 
experimental conditions investigated in this study, three distinct ion populations (with 
three distinct internal energies) will be generated: those undergoing no collisions, those 
undergoing one collision and those undergoing two collisions. Therefore, the average 
internal energy of the proton-bound dimer ions may vary greatly. Despite these possible 
problems, one mononucleotide from each different nucleobase was examined under three 
different dissociation conditions: metastable decomposition, 30% beam reduction CID 
with Ar and 50% beam reduction CID with Ar. The specific mononucleotides 
investigated were deoxyadenosine 3'-monophosphate, deoxyguanosine 5'- 
monophosphate, deoxycytidine 5’-monophosphate and uridine 5'-monophosphate. Based 
on a prior discussion by Nold et al. (Nold, Cerda et al., 1999), acquisition of the PA at 
three different Teff values allows one to construct a second linear regression plot which 
yields the entropy-corrected PA o f the mononucleotide from the slope and the relative 
protonation entropy A(AS°H*) calculated from the x-intercept o f the regression line. If a
2.1
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high correlation constant ( > 0.99) is obtained from these plots, one is assured that 
A(AS°PT) remains constant for chemically similar reference bases, and that it is 
independent o f TefI» as assumed.
The proton affinities and effective temperatures obtained under metastable decay,
30% beam reduction CID and 50% beam reduction CID with Ar are summarized in Table
2.3 for the four mononucleotides studied in this manner. The data for deoxyguanosine 5'- 
monophosphate is plotted in Figure 2.4.
Table 2.3. Thermochemical data o f the mononucleotides studied. Proton affinities are in 
kcal/mol, relative entropies are in cal/mol»K and effective temperatures are in K.
Metastable decay and argon CID data
Analyte PAmi Tmi PA3q%at T3q%at PAsq%at Tso%Ar A(AS°h+) PA
dpG 237.0 375 236.8 381 236.6 450 -0 . 1 238.6
dpC 236.8 709 235.8 737 235.1 526 -3.2 234.0
dAp 236.4 643 235.3 353 226.9 1166 7.4 238.6
pU 224.5 542 225.4 393 226.5 431 -2 . 0 224.4
The second linear regression plot o f  PA/RTeff vs. l/RTeffcan then be constructed to 
obtain the proton affinity and A(AS°H+). Figure 2.5 is an example of this second plot 
using the data obtained for deoxyguanosine 5'-monophosphate shown in Figure 2.4. As 
seen in the example from Figure 2.5, a high correlation constant is obtained confirming 
that the reference bases chosen for this study behave similarly amongst themselves. As 
the internal energy increases (from increasing the number of collisions), the Tefr increases 
suggesting that for deoxyguanosine 5'-monophosphate, high energy CID is possible to 
examine entropy effects associated with dissociating proton-bound dimers. The results
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Figure 2.5. Plot of PA/RTeff vs. l/RTeff from data presented in Figure 2.4.
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from the analysis of the other three mononucleotides investigated exhibited identical 
behavior and the data from these plots are included in Table 2.3. Moreover, analysis of 
the entropy effects on the dissociation of proton-bound dimers o f mononucleotides with 
the reference bases utilized in this study confirms that the assumption that the partition 
functions for the activated complexes are equal to each other (Equation 1.15) is not valid. 
However, the relative trends observed from the analysis o f the mononucleotides under 
metastable decay conditions should remain valid.
Although the data set is limited, it is interesting to note the differences in AS°FT 
values between the 5’- and 3'-monophosphates. Deoxyadenosine 3'-monophosphate has a 
significantly larger protonation entropy as compared to the 5'-monophosphates, 
suggesting that upon protonation, the 3'-monophosphate undergoes a larger conformation 
change than the 5'-monophosphates. As discussed in Chapter 3, the greater conformation 
change needed to provide intramolecular hydrogen bonding between the 3'-phosphate and 
the nucleobase, as compared to the 5'-phosphate and the nucleobase, may account for this 
difference. However, as noted directly below, the anomalous behavior seen under high 
energy CID conditions limits the overall confidence one can place in the AS°FT values 
obtained here.
It is worth noting that the high energy CID conditions used in this study lead to 
anomalous behavior in regards to the evaluation o f Teff at different beam reduction 
conditions. Deoxyguanosine 5'-monophosphate was the only mononucleotide examined 
that followed predicted trends regarding Tetr in respect to internal energy o f the proton- 
bound dimer (50% CID > 30% CID > MI). Deoxyadenosine 3'-monophosphate follows 
the trend 50% CID > MI > 30% CID, uridine 5'-monophosphate follows the trend MI >
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50% CID > 30% CID and deoxycytidine 5-mononucleotide follows the trend 30% CID > 
MI > 50% CID.
To determine whether the variations in Tefr were due to the high-energy collision 
conditions used in this experiment, or if  the variations in Teff were due to variations in the 
number o f collisions the ion undergoes during CID with a constant target gas (i.e., 
variations due to differences in % beam reduction), deoxycytidine 5'-monophosphate was 
also subjected to CID using helium as the target gas similar to the method demonstrated 
by Wesdemiotis et al. (Nold, Cerda et al., 1999). and Fenseleau et aI.(Cheng, Wu et al., 
1993). The PA o f deoxycytidine 5-monophosphate at three different Teff values 
corresponding to metastable dissociation and CID at 30% beam reduction with He and Ar 
targets was determined. The proton affinities and effective temperatures obtained under 
metastable dissociation and 30% beam reduction CID with He and Ar targets for 
deoxycytidine 5’-monophosphate are summarized in Table 2.4 and illustrated in Figure 
2 .6 .
Table 2.4. Thermochemical data of deoxycytidine 5'-monophosphate using metastable 
dissociation and 30% beam reduction CID with He and Ar collision gases. Proton 
affinities are in kcal/mol and effective temperatures are in K.
PA Teff
MI 236.8 709
He 30% 235.5 417
Ar 30% 234.5 497
The second linear regression plot o f PA/RTefr vs. l/RTeffcan then be constructed to 
obtain the proton affinity and A(AS°H+). Figure 2.7 is an example of this second plot 
using the data obtained for deoxycytidine 5'-monophosphate shown in Figure 2.6. As 
seen in Figure 2.7, a high correlation constant is obtained confirming that the reference 
bases chosen for this study behave similarly amongst themselves. The A(AS°H*) is 4.22
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Figure 2.6. Plots of ln(k/kj) vs. PA of the reference base for dpC at the effective temperatures corresponding to 
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Figure 2.7. Plot o f PA/RT vs. l/RT from data presented in Figure 2.6.
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caI/moI*K calculated from the slope and the proton affinity is 233.3 kcal/mol from the 
intercept o f Figure 2.7. However, the proton affinities and TeffOf deoxycytidine 5’- 
monophosphate do not follow the expected trends. Tefr should increase with increasing 
internal energy (Ar > He > MI). The observed trend is MI > Ar > He. To be sure this 
was not due to experimental error, the experiment was repeated with deoxycytidine 5’- 
monophosphate at
50% CID with He and Ar targets. The apparent proton affinities and effective 
temperatures obtained under metastable decay and 50% beam reduction CID with He and 
Ar targets are summarized in Table 2.5 for deoxycytidine 5’-monophosphate and 
illustrated in Figure 2.8.
Table 2.5. Thermochemical data of deoxycytidine 5f-monophosphate using metastable 
dissociation and 50% beam reduction CID with He and Ar collision gases. Proton 
affinities are in kcal/mol and effective temperatures are in K.
PA Teff
MI 236.8 709
He 50% 233.6 565
Ar 50% 235.1 526
The second linear regression plot of PA/RTcff vs. l/RTeffis shown in Figure 2.9 for 
deoxycytidine 5’-monophosphate using 50% beam reduction CID with He and Ar.
Again, a high correlation constant is obtained confirming that the reference bases chosen 
for this study behave similarly amongst themselves. The observed Teff trend is MI > He > 
Ar, exactly opposite as to what is predicted, indicating that, as suspected, use of high 
energy collisions to extract entropy data does not give reliable results. These experiments 
suggest that high-energy collision conditions, which are not typically utilized in kinetic 
method determinations (Cooks, Patrick et al., 1994), can lead to anomalous behavior and 
limit the confidence one has in determining Teffand AS°H+ values.
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Figure 2.9. Plot of PA/RT vs. 1/RT from data presented in Figure 2.8.
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2.4 Conclusions
The proton affinities o f the (deoxy)nucleoside 5'- and 3'-monophosphates were 
determined via the kinetic method. Linear regression plots of In(k/ki) verses the proton 
affinity of the reference bases under metastable decay have good correlation constants 
(>0.9) for all of the mononucleotides investigated except deoxyadenosine 3 -  
monophosphate, deoxyguanosine 3 '-monophosphate, uridine 5'-monophosphate, cytidine 
5'-monophosphate and adenosine 3'-monophosphate. Deoxynucleoside monophosphates 
have a higher proton affinity than the corresponding nucleoside monophosphates and the 
proton affinities o f 5'-(deoxy)nucIeoside monophosphates are greater than the 
corresponding 3'-(deoxy)nucleoside monophosphates. The overall trend o f the proton 
affinities is (deoxy)adenosine monophosphates > (deoxy)guanosine monophosphates > 
(deoxy)cytidine monophosphates » thymidine/uridine monophosphates.
Entropy effects related to the use o f reference bases which are chemically dissimilar 
from the mononucleotides were investigated for select mononucleotides. Linear 
regression plots o f PA/RTeff vs. l/RTeff at three different internal energies have a high 
correlation constant ( > 0.99) for the four mononucleotides investigated, confirming that 
the reference bases behave similarly amongst themselves. However, anomalous trends in 
the extracted Tefr values suggest that high-energy collision conditions limits the 
confidence one has in determining Teff and AS°H* values.
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CHAPTER 3. CONFORMATIONAL ANALYSIS AND SEMI- 
EMPIRICAL PROTON AFFINITY CALCULATIONS OF 
MONONCULEOTIDES.
3.1 Introduction
Computer-aided molecular modeling is a technique used to simulate and predict 
molecular properties including thermochemical and structure information (Dearing,
1988). In the previous chapter, experimental data was used to determine gas-phase 
thermochemical information. Conformational analysis and semi-empirical calculations 
of the mononucleotides are examined to augment the experimental data.
Molecular quantum mechanical methods are classified as either ab initio or semi- 
empirical. Ab initio calculations use the correct Hamiltonian and do not use experimental 
data as parameters to simplify the calculation (Levine, 1991). Ab initio computations are 
demanding on the computing resources even for simple molecules, and considerable 
experience is required to identify what type of calculation will give meaningful results 
(Dearing, 1988).
Semi-empirical methods use a simpler Hamiltonian than the correct Hamiltonian used 
in ab initio calculations. Parameters derived from experimental data and previous ab 
initio computations are used to simplify the calculation (Levine, 1991). If  the molecule 
o f interest has properties within the boundaries of the parameterization, the calculation 
can be quite accurate. However, parameterized techniques can be unreliable when the 
molecule is removed from confines o f  the parameter. The simplest semi-empirical 
method is the Extended HQckel (EH) method, which ignores all electron-electron 
interactions and treats the valence electrons separately (Levine, 1991; Hypercube, 1996). 
EH is the fastest, yet least accurate type o f semi-empirical calculation.
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Neglect of differential overlap (NDO) methods are more accurate and ignore some, 
but not all, o f the electron-electron interactions. NDO methods include complete neglect 
o f differential overlap (CNDO), Intermediate NDO (INDO), Modified INDO (MINDO) 
and Dr. M Zemer’s INDO (ZINDO) versions. A second class o f NDO semi-empirical 
methods are the neglect o f diatomic differential overlap (NDDO) approximations and are 
the basis for MNDO, AMI and PM3 methods. NDDO uses the same integral used in 
INDO methods with an additional class o f electron repulsion integrals. These additional 
integrals are a significant step towards calculating the effects o f electron-electron 
interactions on different atoms.
AMI is the most accurate semi-empirical method and is the best for obtaining 
quantitative information (Dewar and Dieter, 1986). AMI has been parameterized for H, 
B, C, Si, N, O, S, F, Cl, Br, I Hg and Zn (Levine, 1991). The advantages o f  performing 
AMI calculations with mononucleotides are that this approach includes the analysis of 
hydrogen bonds and predicts heats o f formation o f molecules with errors that are 40% 
smaller than found when performing the calculations with MNDO. However, AMI 
inaccurately calculates phosphorus-oxygen bonds which is a  disadvantage because 
mononucleotides contain multiple phosphorous-oxygen bonds. Despite this 
disadvantage, a semi-empirical quantum mechanical method for geometry optimization 
was chosen for the conformational analysis. Proton affinity calculations were performed 
at the AMI level of theory.
3.2 Experimental
Conformational analysis and semi-empirical calculations were performed with 
Hyperchem 5.0 with the ChemPlus package (Hypercube Inc., Gainesville, Florida).
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Conformational analysis o f the neutral mononucleotide was conducted by the Usage 
Directed Method available in the ChemPlus package (Chang, Guida et al.y 1989). The 
lowest energy conformations were then optimized at the AMI restricted Hartree-Fock 
level of theory. From the same lowest energy conformations, a proton was systematically 
added to each possible site o f protonation and the conformations were optimized again at 
the AMI restricted Hartree-Fock level o f theory. The heats o f formation obtained from 
the optimizations o f the neutral, the protonated species and H* (367.2 kcal/mol) (Dewar 
and Dieter, 1986) were used to calculate the proton affinity at each site. The lowest 
calculated heat o f formation from all the different sites o f protonation was determined to 
be the most probable site o f protonation.
3.3 Results and Discussions
3.3.1 Semi-Empirical Calculations
The proton affinities o f the possible sites of protonation for the mononucleotides were 
calculated at the AMI level o f theory and those results are shown in Table 3.1. These 
values are calculated at a temperature (T = 298 K), which is lower than Teff found during 
dissociation o f  the proton-bound dimers from the mononucleotides and reference amines 
(Table 2.2), and only at the semi-empirical level o f theory; therefore the values obtained 
from these calculations are regarded as approximations and are only presented for general 
comparison to the experimental values obtained using the kinetic method.
The most probable sites o f protonation in the condensed phase are 0 4  o f thymine, N3 
o f cytidine, N1 o f adenosine and N7 of guanosine (Greco, Liguori et al., 1990). The most 
probable sites of protonation in the gas phase obtained from the semi-empirical 
calculations are the non-bridging oxygen of the phosphate group for thymidine and
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Table 3.1. Proton affinities o f  the sixteen mononucleotides calculated at the AMI semi- 
empirical level of theory. The most favorable site o f protonation is shown in bold for 
each mononucleotide. The pyrimidine mononucleotides yielded one well-defined site of 
protonation. The guanosine mononucleotides each had more than one site o f protonation 
possible.______________________________________________________________
dpA (kcal/mol) dAp (kcal/mol) pA (kcal/mol) Ap (kcal/mol)
N1 224.4 227.7 231.4 220.5
N3 230.9 232.0 238.5 230.2
N6 206.9 207.2 2 1 2 . 1 203.7
N7 2 2 1 . 0 217.8 220.9 2 2 0 . 1
POH 161.7 179.2 183.2 182.1
p= o 2 2 0 . 8 205.6 2 2 1 . 2 220.5
3’OH 190.3 N/A 175.6 N/A
5’OH N/A 189.0 N/A 177.4
2’OH N/A N/A 177.3 179.9
dpG (kcal/mol) dGp (kcal/mol) pG (kcal/mol) Gp (kcal/mol)
N1 203.7 191.1 201.4 186.4
N2 212.9 205.5 211.3 195.2
N3 234.3 224.2 234.8 224.9
N7 233.4 228.5 231.5 224.0
POH 179.6 183.5 190.3 181.1
p= o 223.1 216.9 220.9 213.1
3’OH 176.6 N/A 179.8 N/A
5’OH N/A 222.9 N/A 181.3
2’OH N/A N/A 171.5 177.1
dpC (kcal/mol) dCp (kcal/mol) pC (kcal/mol) Cp (kcal/mol)
N3 234.4 228.6 230.2 224.9
N4 203.7 198.5 2 0 0 . 1 194.9
0 2 231.9 224.7 219.5 2 2 1 . 2
POH 178.9 185.2 179.6 182.4
p=o 227.2 219.9 217.0 219.4
3’OH 174.3 N/A 187.1 N/A
5’OH N/A 181.9 N/A 174.1
2’OH N/A N/A 188.9 188.8
dpT (kcal/mol) dTp (kcal/mol) pU (kcal/mol) Up (kcal/mol)
N3 189.5 190.9 189.1 182.0
0 4 2 1 0 . 0 2 1 2 . 2 209.2 204.5
POH 180.2 182.1 175.6 183.4
p= o 217.9 217.6 212.9 213.8
3’OH 191.8 N/A 182.1 N/A
5’OH N/A 183.1 N/A 193.4
2’OH N/A N/A 182.1 175.8
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uridine monophosphate, N3 o f cytidine monophosphate, N3 of adenosine monophosphate 
and either N3 or N7 o f guanosine monophosphate. Except for deoxyadenosine 5'- 
monophosphate and uridine 5'-monophosphate, the 5'-monophosphates had proton 
affinities which were calculated to be higher than the proton affinities o f  the 3'- 
monophosphates.
Interestingly, the most favorable site o f protonation for the thymidine and uridine 
monophosphates was calculated to be the non-bridging oxygen of the phosphate group. 
04 , the site o f protonation in condensed phase, is the next most probable site being only 3 
-  9 kcal/mol less favorable than the non-bridging oxygen.
The guanosine monophosphates also yielded interesting results during these 
calculations. First, the guanosine monophosphates were the only set which did not have 
the same site o f protonation for all four mononucleotides: N3 was found to be the most 
probable site in three instances while N7 was the most probable site for deoxyguanosine 
3’-monophosphate. Moreover, except for guanosine 3'-monophosphate, the difference in 
proton affinity between the two most probable sites o f protonation was the smallest 
among the different mononucleotides. With deoxyguanosine 5'-monophosphate, the 
difference in calculated proton affinity between protonation at N3 and N7 was less than I 
kcal/mol. Therefore, it may be likely that for the deoxyguanosine monophosphates, N7 
may actually be the preferred site o f protonation in the gas phase. Such results may 
explain the improved behavior that is found using the 7-deazaguanosine derivatives in 
matrix-assisted laser desorption/ionization mass spectrometry (Schneider and Chait,
1993; Kirpekar, Nordoff et al., 1995), where base protonation is thought to lead to base 
elimination and strand scission limiting the subsequent molecular ion abundance. With
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the ribonucleotides, a noticeable difference in the calculated proton affinities is seen for 
guanosine 5’-monophosphate (234.8 kcal/mol atN3 vs. 231.5 kcal/mol atN7), but, as 
with the deoxyguanosine monophosphates, essentially no difference is found for the 
calculated proton affinities for guanosine 3’-monophosphate (224.9 kcal/mol at N3 vs. 
224.0 kcal/mol at N7).
The cytidine and adenosine monophosphates did not yield any anomalous results 
when investigating the most probable sites o f protonation. The most probable site of 
protonation for cytidine monophosphates in the gas-phase occurs at the N3 position, as in 
the condensed phase. The next most favorable site o f protonation, 0 2 , had a calculated 
proton affinity that was 3-11 kcal/mol lower than for protonation at N3. The most 
probable site of protonation for adenosine monophosphates in the gas-phase occurs at the 
N3 position, which is different from solution phase (Nl). However, the proton affinity at 
N l, the site of protonation in the condensed phase, is only 6-10 kcal/mol less than the 
proton affinity calculated at N3.
3.3.2 Conformational Analysis
Once the most probable sites o f protonation were calculated, molecular modeling of 
the resulting mononucleotides was performed to investigate whether intramolecular 
hydrogen bonding might interfere with the subsequent experimental proton affinity 
measurements. It was found that the purine monophosphates can undergo intramolecular 
hydrogen bonding while the pyrimidine monophosphates did not. Figure 3.1 shows the 
lowest energy conformation o f  adenosine 5-monophosphate (Figure 3.1a) and 
deoxyadenosine 3'-monophosphate (Figure 3.1b) when protonated at the N3 position.
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(a)
Figure 3.1. Molecular modeling conformational analysis o f (a) pA and (b) dAp 
depicting die hydrogen bonding between N3 and the 5’-oxygen that occurs with 
protonation at N3 o f  the nucleobase.
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Upon protonation at the N3 position of adenosine, the mononucleotide adopts a syn- 
conformation which allows for intramolecular hydrogen bonding with the 5'-oxygen. If 
molecular modeling is correct in this conformation determination, adenosine 
monophosphates might be problematic during kinetic method experiments because, while 
N3 is predicted to be the most favored site of protonation, it is involved in intramolecular 
hydrogen bonding.
Guanosine monophosphates exhibited similar behavior as the adenosine 
monophosphates during the molecular modeling conformational analysis. Protonation of 
the guanosine monophosphates at either the N3 or N7 position yielded almost identical 
calculated heats of formation, differing by only 4 kcal/mol, at most, for each guanosine 
monophosphate. If  the molecular modeling calculations are representative of the actual 
gas-phase conformation o f these mononucleotides, these results suggest that there are two 
possible sites of protonation for guanosine mononucleotides.
As with adenosine monophosphate, protonation at the N3 position resulted in the 
mononucleotide adopting a syn-conformation. In the syn-conformation, two 
intramolecular hydrogen bonds are formed with the 5’-guanosine monophosphates.
Figure 3.2a, deoxyguanosine 5’-monophosphate, shows one intramolecular hydrogen 
bond is formed between the amino group at C2  and the hydroxyl group on the phosphate, 
and another intramolecular hydrogen bond is formed between the protonated N3 and the 
5’-hydroxyl group. Figure 3.2b, deoxyguanosine 5’-monophosphate, shows only one 
intramolecular hydrogen bond is formed between the amino group at C2 and the hydroxyl
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Figure 3.2. Molecular modeling conformational analysis o f (a) dpG protonated at 
N3 and (b) dpG protonated at N7. Multiple hydrogen bonding occurs when 
protonation is at N3.
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group on the phosphate when protonation occurs at N7. Although a consistent proton 
affinity can be experimentally determined using the kinetic method for the guanosine 
monophosphates, the higher standard deviation for these measurements may be reflected 
in the calculated two probable sites o f protonation and the ability of these 
mononucleotides to undergo intramolecular hydrogen bonding. Intramolecular hydrogen 
bonding and multiple protonation sites interfere with the competitive process for the 
proton between two species fundamental to the kinetic method. Either o f these 
occurrences within a species or reference will shift the experimentally determined proton 
affinity from the true value.
3.4 Conclusions
Molecular modeling suggests that the most likely sites o f protonation are the non­
bridging oxygen o f the phosphate group for thymidine/uridine monophosphates, N3 o f  
(deoxy)adenosine monophosphates, either N3 or N7 of (deoxy)guanosine 
monophosphates, and N3 o f (deoxy)cytidine monophosphates. Intramolecular hydrogen 
bonding was observed with the purine monophosphates.
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C H A P T E R  4. GAS-PHASE HYDROGEN DEUTERIUM EXCHANGE OF 
POSITIVELY CHARGED MONONUCLEOTIDES USING FOURIER 
TRANSFORM ION CYCLOTRON RESONANCE MASS SPECTROMETRY
4.1 Introduction
While gas-phase H/D exchange has been used extensively for the structural 
characterization of peptides and proteins (Brodbelt, 1997; Green and Lebrilla, 1997; 
Freitas, Hendrickson et al., 1999; Freitas and Marshall, 1999), few investigations have 
been performed on oligonucleotides. Hillenkamp et al. used gas-phase H/D exchange and 
post-source decay with MALDI-MS to verify the mechanism by which oligonucleotides 
fragment (Gross, Leisner et al., 1998). Robinson et al. studied the gas-phase H/D 
exchange behavior of 5'-mononucleotide anions reacted with D2O and determined the 
rate of deuterium uptake with 5’-, 3’- and cyclic mononucleotides (Robinson, Greig et al., 
1998). The rate of exchange with D2O was found to increase following the trend 
guanosine « thymidine < adenosine < cytidine for the 5’-mononucleotides and 
thymidine < cytidine < adenosine < guanosine for the 3’-mononucleotides. The 3’- 
mononucleotides exchanged more quickly than the 5’-mononucleotides and exchange did 
not occur for the cyclic mononucleotides.
Later, Freitas et al. examined the H/D exchange behavior of 5’-mononucleotide 
anions with D2O and D2S (Freitas, Shi et al., 1998). When D2S was used as the 
deuterating reagent, the rate of deuterium incorporation was shortened from hours to 
minutes as compared to that seen when D2O was used as the deuterating reagent. A 
similar order of exchange rate constants to that obtained by Robinson et al. for D2O was 
found. However, for D2S the rate of exchange was found to increase following the trend 
guanosine < deoxyguanosine < adenosine < deoxyadenosine < deoxycytidine <
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thymidine = uridine < cytidine. The authors suggested the change in exchange rate order 
may be due to a  different exchange mechanism o f the mononucleotide anions when D2 O 
and D2 S are used as deuterating reagents.
In this chapter the gas-phase H/D exchange behavior o f  protonated 5’- and 3’- 
mononucleotides with D2O, D2S and ND3 is examined. Chapters 2 and 3 reported the 
proton affinities of 5’- and 3 ’-mononucleotides, and results obtained from both the 
measured and calculated proton affinities suggest intramolecular hydrogen bonding 
occurs between the nucleobase and the phosphate group. The goal of this chapter is to 
examine the positive-ion H/D exchange behavior of the mononucleotides to elucidate the 
gas-phase structural features of these molecules.
4.2 Experimental
4.2.1 Sample Preparation
The mononucleotides were obtained from Sigma Chemical Company (St. Louis, 
MO). D20  (99.9 %D), ND3 (99 %D) and D2 S (98 %D) were obtained from Cambridge 
Isotope Labs (Andover, MA). All reagents were used without further purification. The 
analytes were prepared by dissolving each mononucleotide in a 50:50 (v:v) Me0 H:H 2 0  
solution to a concentration of 1 mM, followed by serial dilution in 50:50 Me0 H:H2 0  
with 0.25% acetic acid to a final concentration o f 10 pM. Analyte mixtures were 
prepared similarly except that the final analyte concentrations were optimized to yield 
approximately equal relative ion abundances for each isolated parent ion (Freitas, 
Hendrickson et al., 1998).
63
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.2.2 Mass Spectometry
Experiments were performed with a previously described 9.4 T ESI FTICR mass 
spectrometer located at the National High Magnetic Field Laboratory, Florida State 
University, Tallahassee, FL, which was configured for external ion accumulation (Senko, 
Hendrickson et al., 1996; Senko, Hendrickson et al., 1997). Typical initial base pressure
-9
for the instrument was 2 x 1 0  torr. Analyte solutions were infused into a tapered 50 pm 
i.d. fused silica micro-ESI needle (Emmett and Caprioli, 1994; Emmett, White et al., 
1998) at a rate of 300 nL min"*. Typical ESI conditions were needle voltage = 1.8 kV 
and heated capillary current = 3.5 A. Ions were accumulated in a linear octopole ion trap 
(operated at 1. 8  MHz) for 1-5 s and then transferred to a 4"-Penning ion trap (trapping 
voltage = 4 V) through a second octopole ion guide (operated at 1.8  MHz). The 
monoisotopic ion for each species was isolated in each experiment by use of SWIFT 
mass-selective ion ejection. The monoisotopic ions were then allowed to react for 
varying periods o f up to 1 0  minutes with the neutral exchange reagent which was leaked 
into the vacuum chamber via a 3-way pulsed valve/leak valve combination as described 
previously (Jiao, Ranatunga et al., 1996; Freitas, Shi et al., 1998). The apparent partial 
pressure of the neutral reagents was set to 5 x 10~* where it remained stable throughout 
the course o f the H/D exchange period. The neutral pressure was measured with a 
Granville-Phillips (Boulder, CO) Model 274 ion gauge. The ions were then subjected to 
broadband frequency sweep excitation and detection. All experiments were controlled by 
an Odyssey data station (Finnigan Corp., Madison, WI). Mass spectra were collected 
after allowing reaction periods o f 1, 2, 5, 10, 30,60, 90, 120, 180,240, 300, 360,480, 
and 600 seconds. The time-domain ICR signal (single scan) was subjected to baseline
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correction followed by Hanning apodization and one zero-fill before Fourier 
transformation and magnitude-mode calculation.
4.2J Exchange Rate Calculations
Rate constants were determined following the same procedure outlined by Freitas 
et al. (Freitas, Shi et al., 1998). A set o f ordinary differential equations was used to 
model the relative rate constants for exchange. The rate constants were fitted with the 
FCinFit software program to achieve a best-fit to the experimental reaction progress curves 
(Nicoll and Dearden, 1997).
4 J  Results and Discussions
4.3.1 Effect of Mononucleotide Structure on Proton Affinities
Mononucleotides consist of a phosphate group, a  furanose sugar residue and a 
nucleobase (cf. Figure 1.1). Ribonucleotides differ from deoxyribonucleotides by the 
presence o f a  2'-OH (vs. 2-H) on the sugar. Except for this difference, the 
mononucleotides possess similar phosphate and sugar hydrogens and are predicted to 
show similar deuterium exchange behavior for these labile hydrogens. However, the four 
nucleobases have quite different exchangeable hydrogens. Guanine has three 
exchangeable hydrogens, cytosine and adenine each have two exchangeable hydrogens 
and uracil and thymine each have one exchangeable hydrogen.
Table 4.1 lists the experimental proton affinities o f the mononucleotides determined 
by the kinetic method in Chapter 2 and the calculated proton affinities at the most 
probable site o f protonation and at the sites o f possible exchange on the mononucleotides 
determined by semi-empirical calculations in Chapter 3.
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Table 4.1. Experimentally determined gas-phase proton affinities determined by the 
kinetic method in Chapter 2 and semi-emperical calculated proton affinities for all 
possible exchange sites determined in Chapter 3._________________________
dpA (kcal/mol) dAp (kcal/mol) pA (kcal/mol) Ap (kcal/mol)
Expt. 237.4 236.4 237.6 235.2
Calc. 230.9 (N3) 232.0 (N3) 238.5 (N3) 230.2 (N3)
N6 206.9 207.2 2 1 2 . 1 203.7
POH 161.7 179.2 183.2 182.1
3’OH 190.3 N/A 175.6 N/A
5’OH N/A 189.0 N/A 177.4
2’OH N/A N/A 177.3 179.9
dpG (kcal/mol) dGp (kcal/mol) pG (kcal/mol) Gp (kcal/mol)
Expt 237.0 235.5 236.2 235.3
Calc. 234.3 (N3) 228.5 (N7) 234.8 (N3) 224.9 (N3)
Nl 203.7 191.1 201.4 186.4
N2 212.9 205.5 211.3 195.2
POH 179.6 183.5 190.3 181.1
3’OH 176.6 N/A 179.8 N/A
5’OH N/A 222.9 N/A 181.3
2’OH N/A N/A 171.5 177.1
dpC (kcal/mol) dCp (kcal/mol) pC (kcal/mol) Cp (kcal/mol)
Expt 236.8 234.8 234.7 234.4
Calc. 234.4 (N3) 228.6 (N3) 230.2 (N3) 224.9 (N3)
N4 203.7 198.5 2 0 0 . 1 194.9
POH 178.9 185.2 179.6 182.4
3’OH 174.3 N/A 187.1 N/A
5’OH N/A 181.9 N/A 174.1
2’OH N/A N/A 188.9 188.8
dpT (kcal/mol) dTp (kcal/mol) pU (kcal/mol) Up (kcal/mol)
Expt 224.1 225.6 224.5 226.2
Calc. 217.9 (P=0) 217.6 (P=0) 212.9 (P=0) 213.8 (P=0)
N3 189.5 190.9 189.1 182.0
POH 180.2 182.1 175.6 183.4
3’OH 191.8 N/A 182.1 193.4
5’OH N/A 183.1 N/A N/A
2’OH N/A N/A 182.1 175.8
The proton affinities at the sites o f the exchangeable hydrogens on the phosphate and 
sugar group have the lowest calculated proton affinity in comparison to the other possible
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sites o f exchange. Based on this information, the hydrogens on the furanose sugar and 
phosphate should exchange more readily than hydrogens on the nucleobases.
In Chapter 2 ,1 determined the proton affinities of the mononucleotides. The data 
yielded the following trend for the proton affinity determinations: (deoxy)adenosine 
monophosphate > (deoxy)guanosine monophosphate > (deoxy)cytidine monophosphate 
»  deoxythymidine/uracil monophosphate. In addition, the 3'-mononucleotides were 
found to have slightly lower proton affinities than the S’-mononucleotides for each of the 
nucleobases investigated. Based on these experimental results, one could predict that a 
similar ordering of the exchange rate constants should be found (i.e., thymidine/uracil 
monophosphates should exchange fastest and (deoxy)adenosine monophosphates should 
exchange slowest with the 3’-mononucleotides exchanging faster than the 5’- 
mononucleotides).
4.3.2 Simultaneous Hydrogen/Deuterium Exchange of Mononucleotides
Figure 4.1 is a representative mass spectrum of simultaneous H/D exchange of 
deoxycytidine-5 ’ -monophosphate, thymidine-5 ’-monophosphate, deoxyadenosine-5 ’ - 
monophosphate, deoxyguanosine-5’-monophosphate and guanosine-5’-monophosphate 
with ND3 after a I s, 10 s and 360 s reaction period. The monoisotopic peak 
corresponding to 100% 12C was isolated for each ion in the mixture by the use of dipolar 
SWIFT excitation prior to reaction with the deuterating reagent. All mononucleotides 
were investigated in a similar manner, with special consideration being taken to ensure 
that the deuterated components o f the mixture did not overlap in mass during H/D 
exchange. After a 1 s reaction period, little or no deuterium incorporation is detected.
All components of the mixture in Figure 4.1 showed evidence o f  H/D exchange after the
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Figure 4.1. Representative mass spectra for simultaneous H/D exchange o f 
deoxycytidine-5’-monophosphate (dpC), thymidine-5’-monophosphate (dpT), 
deoxyadenosine-5’-monophosphate (dpA), deoxyguanosine-5’-monophosphate 
(dpG) and guanosine-5’-monophosphate (pG) with ND3 at a pressure o f 1.2 x 10*® 
torr after a  reaction period of (a) 1 second, (b) 10 seconds and (c) 360 seconds.
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1 0  s reaction period, although none have undergone complete exchange after this time. 
Here, complete exchange is defined as the fully exchanged (i.e., all labile hydrogens and 
the proton have been exchanged with deuterium) ion is detected but it is not necessarily 
the only ion present, nor is it necessarily the most abundant ion. After a 360 s reaction 
period all exchangeable hydrogens, including the proton, have exchanged for deuterium 
for all of the mononucleotides except deoxyadenosine-5’ -monophosphate and guanosine- 
5’-monophosphate. Thymidine monophosphate, although undergoing complete exchange 
after 360 s, forms an ion-molecule complex with ND3 which is detected at an m/z o f 348. 
Figure 4.2 contains representative simultaneous H/D exchange mass spectra o f a) 
deoxycytidine-3’-monophosphate (dCp), cytidine-5’-monophosphate (pC), adenosine-5’- 
monophosphate (pA) and guanosine-5’-monophosphate (pG) reacted with D2O for 600 s 
and b) deoxycytidine-3’-monophosphate (dCp), deoxyadenosine-3 ’-monophosphate 
(dAp), deoxyguanosine-3’-monophosphate (dGp) and guanosine-3’-monophosphate (Gp) 
reacted with D2 S for 600 s. None o f the mononucleotides shown in Figure 4.2 undergoes 
complete exchange with these reagents.
4.3.3 Reagent Gas Influence on H/D Exchange
Three different deuterating reagents, D2O, D2S and ND3, were investigated to 
determine the effect the gas-phase proton affinity of the exchange reagent has on the H/D 
exchange behavior o f positively charged mononucleotides. Figure 4.3 shows the reagent 
gas influence on H/D exchange o f deoxyguanosine-5’-monophosphate after reaction with 
D20 , D2S and ND3 for 600 s. As seen in Figure 4.3, ND3 exchanges the labile hydrogens 
for deuterium to the greatest extent (six and possibly seven hydrogens have been 
exchanged) at the greatest rate for the three deuterating reagents utilized in this
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Figure 4.2. Representative mass spectra for simultaneous H/D exchange o f a) 
deoxycytidine-3’-monophosphate (dCp), cytidine-5’-monophosphate (pC), adenosine­
s ’-monophosphate (pA) and guanosine-5’-monophosphate (pG) reacted with D20  
for 600 s and b) deoxycytidine-3’-monophosphate (dCp), deoxyadenosine-3’- 
monophosphate (dAp), deoxyguanosine-3’-monophosphate (dGp) and guanosine-3’- 
monophosphate (Gp) reacted with D2S for 600 s.
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(dGp + H)+
a)
D2S PA 168 kcal/mol 
Pressure 5.8 x 10"8 torr
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Figure 4 3 . Mass spectra o f deoxyguanosine-3 ’-monophosphate reacted with with 
(a) D2S at a pressure o f 5.8 x 10' 8 torr, (b) D20  at a pressure of 5.7 x 10*8 torr and 
(c) ND3 at a pressure of 1.2 x 10*8 torr after a 600 second reaction period for each.
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study. DiO is the next most effective exchange reagent utilized followed by D2S,
although these two exchange reagents are not as effective as ND3 . Table 4.2 lists the
number of deuteriums exchanged for each mononucleotide when reacted with the three
deuterating reagents, D?0, D2S and ND3, after a  600 second reaction period.
Table 4.2. Number o f  exchanged hydrogens for protonated mononucleotide ions reacted 
with ND3, D2O and D2 S after a 600 second reaction period at pressures ranging from 1.0 
x 10' 8 to 5.8 x I O' 8 torr.
dpA dAp pA Ap
Expected = 6 Expected = 6 Expected = 7 Expected = 7
d 2s 0 0 0 1
d 2o 1 1 1 2
n d 3 4 4 4 7
dpG dGp pG Gp
Expected = 7 Expected = 7 Expected = 8 Expected = 8
d 2s 2 I 3 I
d 2o 5 2 5 3
n d 3 7 7 7 7
dpC dCp pC Cp
Expected = 6 Expected = 6 Expected = 7 Expected = 7
d 2s 3 2 3 4
d 2o 4 4 4 5
n d 3 6 4 7 7
dpT dTp pU Up
Expected = 5 Expected = 5 Expected = 6 Expected = 6
d 2s 3 3 6 4
d 2o 5 5 6 6
n d 3 5 5 6 6
Assuming the gas-phase proton affinity o f the deuterating reagent is similar to the
non-deuterated form, then the proton affinity for D2O is *  165.0 kcal/mol, D2S « 168.0
kcal/mol and ND3 *  204.0 kcal/mol (Lias, Liebman et al., 1984). Campbell et al. found
that protonated peptides having exchangeable hydrogens with proton affinities 40
kcal/mol greater than the proton affinity of the deuterating reagent did not undergo H/D
exchange (Campbell, Rodgers et al., 1994). Gard et al. proposed an H/D exchange
reaction of CH3OD and a protonated compound that involves a structurally specific long-
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lived ion-molecule complex (Gard, Green et al., 1994). Similarly, Campbell et.al. 
proposed that when H/D exchange occurs despite a > 40 kcal/mol proton affinity 
difference, a relay mechanism is operational by which an ion-molecule complex is 
formed between an ion and the reagent (Campbell, Rodgers et al., 1994).
Comparison o f  the calculated proton affinities from Table 4.1 o f all the possible 
sites of deuterium exchange for all the mononucleotides reveals that differences in the 
proton affinity of ND3 and the mononucleotides are within 40 kcal/mol and can occur 
without ion-molecule complexation. The proton affinities o f D2O/D2 S and the sites of 
possible exchange on the mononucleotides do not all fall within the 40 kcal/mol limit for 
endothermic exchange. Only the phosphate and sugar hydrogens on all the 
mononucleotides have proton affinity differences between D2O/D2 S less than 40 
kcal/mol. The hydrogens on the nucleobase o f (deoxy)adenosine monophosphates and 
D2O/D2S have a proton affinity difference greater or very close to 40 kcal/mol. The 
hydrogens on the nucleobase of (deoxy)guanosine monophosphate and D2O/D2S also 
have proton affinity difference greater than 40 kcal/mol except for deoxyguanosine 3'- 
monophosphate (N l) and guanosine 3'-monophosphate (Nl and N2). The N4 hydrogens 
o f (deoxy)cytidine monophosphates and D2O/D2S have a proton affinity difference less 
than 40 kcal/mol, while the N3 position (predicted protonation site) has a proton affinity 
difference between D2O/D2S greater than 40 kcal/mol. Finally, the proton affinities o f 
D2O/D2S and the calculated sites of possible deuterium exchange on the nucleobases of 
thymidine/uridine mononucleotides all are less than 40 kcal/mol.
Complete exchange was observed with ND3 after a 600 second reaction period for all 
of the mononucleotides except deoxycytidine-3 ’-monophosphate, guanosine-5’-
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monophosphate, guanosine-3’-monophosphate, deoxyadenosine-5 ’-monophosphate, 
deoxyadenosine-3’-monophosphate and adenosine-5’-monophosphate. As mentioned 
above, the differences in proton affinities o f all of the mononucleotides and ND3 are 
within 40 kcal/mol and should be able to exchange easily. Incomplete exchange could 
possibly indicate that the structures o f deoxycytidine-3’-monophosphate, guanosine-5’- 
monophosphate, guanosine-3 ’ -monophosphate, deoxyadenosine-5 ’ -monophosphate, 
deoxyadenosine-3’-monophosphate and adenosine-5’-monophosphate prevent ND3 from 
exchanging. D2S was the least effective exchange reagent, in stark contrast to what 
would be predicted based on its proton affinity, showing lower numbers o f  exchanged 
hydrogens than D2O. Although the proton affinities of D2S and D2O are assumed to 
differ by only 3 kcal/mol (based on the proton affinities of H2S and H2O), it is possible 
that D2O exchanges more efficiently than D2S because D2O has a  larger dipole moment 
(1.85 for H2O vs 0.97 for H2S (Lide, 1999)) and is smaller than D 2S, making it a better 
candidate to form an ion-molecule complex with the analyte.
The thymidine and uridine monophosphates were the only mononucleotides that 
exchanged all of their exchangeable hydrogens with D2O. The proton affinity of 
thymidine and uridine monophosphates and D2O are less than 40 kcal/mol and therefore 
would not require ion-molecule complexation to facilitate exchange. Uridine-5’- 
monophosphate was the only mononucleotide that completely exchanged with D2S. The 
other thymidine and uridine monophosphates did not exchange two possible hydrogens. 
Because there is no dramatic difference in proton affinities of the hydrogens on the 
thymidine and uridine monophosphates, it is possible that uridine-5’-monophosphate has 
a gas-phase structure that allows for complete exchange with D2S while the other
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thymidine and uridine monophosphates do not. Uridine is lacking a methyl group on the 
C3 position, which would sterically make it more accessible to exchange with a larger 
reagent like D2S, in comparison to D2O. However this does not explain why only the 
uridine 5'-monophosphate benefits from the lack o f the methyl group and not the uridine 
3 '-monophosphate.
4.3.4 Effects of Longer Reaction Periods and Higher Pressures on H/D Exchange 
with ND3
As mentioned above, deoxyadenosine-5 ’ -monophosphate, deoxyadenosine-3 ’- 
monophosphate, adenosine-5'-monophosphate, guanosine-5’-monophosphate, guanosine- 
3’-monophosphate and deoxycytidine-3’-monophosphate did not undergo complete 
exchange with ND3 after a reaction period o f600 s at an apparent neutral exchange 
reagent pressure o f  1 x KT8 torr. For example, Figure 4.4 shows the deuterium 
incorporation for (a) deoxyadenosine-3’-monophosphate and (b) adenosine-5’- 
monophosphate. As seen in Figure 4.4a, exchange ceases to continue after approximately 
180 seconds for deoxyadenosine-3’-monophosphate with a total o f 4 out o f 6  hydrogens 
(including the proton) exchanging. However, as seen in Figure 4.4b, exchange is still 
occurring after 600 s for adenosine-5’-monophosphate. Figure 4.5 is deuterium 
incorporation for the mononucleotides that did not exchange completely with ND3 : 
deoxyadenosine-5’-monophosphate, guanosine-5’-monophosphate, guanosine-3’- 
monophosphate and deoxycytidine-3’-monophosphate. From Figures 4.4 and 4.5, the 
deuterium exchange reactions o f deoxyadenosine-3’-monophosphate and deoxycytidine- 
3’-monophosphate appear to be complete, while adenosine-5’-monophosphate,
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Figure 4.4. Plots of deuterium incorporation vs. time for (a) deoxyadenosine- 
3’-monophosphate and (b) adenosine-5’-monophosphate after a  600 second 
reaction period with ND3
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Figure 4.5. Plots of deuterium incorporation vs. time for a) guanosine-5’-monophosphate (pG), b) guanosine-3’-monophosphate 
(Gp), c) deoxycytidine-3’-monophosphate (dCp), and d) deoxyadenosine-5’-monophosphate (dpA) after a 600 second reaction 
period with ND3.
deoxyadenosine-5'-monophosphate, guanosine-5’-monophosphate and guanosine-3’- 
monophosphate reactions are incomplete. Therefore deoxyadenosine-5’-monophosphate, 
adenosine-5’-monophosphate, guanosine-5’-monophosphate and guanosine-3’- 
monophosphate were subsequently reacted with ND3 at a higher neutral reagent pressure 
and for longer reaction periods.
Figure 4.6 shows a) guanosine-3’-monophosphate, b) guanosine-5’-monophosphate,
c) adenosine-5’-monophosphate and d) deoxyadenosine-5’-monophosphate reacted with
ND3 after a reaction period o f 1200 s at a neutral exchange reagent pressure o f 5 x I O' 8
torr. Under these conditions, the completely exchanged mononucleotides are detected for
guanosine-3’-monophosphate and guanosine-5’-monophosphate. Adenosine-5’-
monophosphate and deoxyadenosine-5’-monophosphate only exchange 5 out o f a
possible 7 or 6 , respectively. As expected, the rate o f exchange increases with increased
pressure; however exchange of the last hydrogen for deuterium is still slow even under
these reaction conditions. The results for the mononucleotides investigated at increased
pressure and longer reaction times with ND3 are summarized in Table 4.3.
Table 4.3. Exchange o f deoxyadenosine-5’-monophosphate (dpA), adenosine-5’- 
monophosphate (pA), guanosine-5’-monophosphate (pG), and guanosine-3’- 
monophosphate (Gp) with ND 3 at a pressure o f  1 x 10*8 torr after a 600 second reaction 
period and a pressure o f 5 x: 10‘8 torr after a 1200 second reaction period. 
Deoxyadenosine-3’-monophosphate (dAp) and deoxycytidine-3’-monophosphate (dCp) 
were not analyzed under increased reaction periods and increased pressure because the 
deuterium incorporation profiles indicated the reactions ceased to continue after a 600 s 
reaction period.
Nucleotide 600 s
1 x I O' 8 torr
1 2 0 0  s 
5 x 10*8 torr
dCp (6 ) 4 -
dpA (6 ) 4 5
dAp (6 ) 4 -
pA(7) 4 5
pG (8 ) 7 8
Gp (8 ) 7 8
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Figure 4.6. Plots of deuterium incorporation vs. time for a) guanosine-3’-monophosphate (Gp), b) guanosine-S’-monophosphate 
(pG), adenosine-5’-monophosphate (pA), and deoxyadenosine-5’-monophosphate (dpA) after a 1200 second reaction period 
and a five-fold increased pressure.
Guanosine-5’- and 3’-monophosphate each yielded the fully exchanged ion under 
the harsher conditions, while deoxyadenosine-5 ’ -monophosphate and adenosine-5’- 
monophosphate each yielded an additional hydrogen for deuterium exchange peak.
Incomplete exchange may be attributed to hydrogens that are inaccessible to 
exchange due to intramolecular hydrogen bonding and/or steric hindrance. The proton 
affinity calculations listed in Table 4.1 show that the most likely site of protonation is 
calculated to occur at the N3 position for (deoxy)adenosine 5’- and 3'-monophosphates 
and either N3 or N7 for (deoxy)guanosine 5’- and 3-monophosphates. Conformational 
analysis o f these molecules with the proton on the N3 position revels formation of an 
intramolecular hydrogen bond between the protonated N3 and the 5’-oxygen as discussed 
in Chapter 3. If we assume that hydrogen bonding affects the rate and degree of 
deuterium incorporation, then the experimental data suggest that hydrogen bonding 
(when protonated at the N3 position) is stronger for guanosine-5’-monophosphate, 
guanosine-3’-monophosphate, deoxyadenosine-5’-monophosphate, adenosine-5’- 
monophosphate and deoxyadenosine-3’-monophosphate compared to deoxyguanosine- 
5’-monophosphate, deoxyguanosine-3’-monophosphate and adenosine-3’- 
monophosphate.
Specifically, considering the (deoxy)guanosine mononucleotides, the data from 
deuterium incorporation may suggest that protonation preferentially occurs at the N3 over 
the N7 position for guanosine-5 ’-monophosphate and guanosine-3’-monophosphate. 
Protonation at the N3 position forms a hydrogen bond with the phosphate group and 
prevents complete deuterium exchange from occurring. Deoxyguanosine-5’-
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monophosphate and deoxyguanosine- 3  ’-monophosphate, on the other hand, may 
preferentially protonate at the N7 position. Deoxyguanosine-5’-monophosphate 
protonated at the N7 position can form a hydrogen bond with an N2 hydrogen and the 
phosphate group (discussed in Chapter 3 and (Phillips and McCloskey, 1993; Robinson, 
Greig et al., 1998). However, protonation at N3 may lead to a more ridged gas-phase 
structure as it is able to form two hydrogen bonds as opposed to one hydrogen bond with 
protonation at N7. If  the hydrogen bond at N2 for deoxyguanosine-5’-monophosphate 
and deoxyguanosine-3 ’-monophosphate protonated at N7 is fairly weak, it is possible that 
complete deuterium exchange is able to occur.
Adenosine-3'-monophosphate is the only (deoxy)adenosine mononucleotide to fully 
exchange deuterium with any of the deuterating reagents. Similar to the above 
discussion, incomplete exchange may indicate that all o f  the (deoxy)adenosine 
mononucleotides, when protonated at the N3 position, form an intramolecular hydrogen 
bond with the phosphate group, thus blocking potential hydrogen deuterium exchange 
sites.
Deoxycytidine-3'-monophosphate only exchanged 4 o f a possible 6  hydrogens for 
deuterium which suggests that steric hindrance prevents further exchange from occurring. 
It is unclear why deoxycytidine-3'-monophosphate does not under go complete exchange, 
as no anomalous behavior during the conformational analysis studies (Chapter 3) was 
found.
4.3.5 Effect of Nucleobase on Exchange Rate with NDj
Table 4.4 lists the relative exchange rates for the mononucleotides reacted with ND3 . 
All of the rates are listed relative to dpC +■ ND3 at a pressure o f 1 x 10**.
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Table 4.4. Relative apparent rates o f exchange for protonated mononucleotide ions 
determined by the Kinfit program (Nicoll and Dearden, 1997). All rates are reported 
relative to deoxycytidine-5’-monophosphate at a pressure o f 1 x I O' 8 torr. “vs” indicates a 
rate less than 0 .0 0 1 .
Nucleotide kl k2 k3 k4 k5 k6 k7
dpA 0.50 1 .2 1 0.49 vs - - -
dAp 0.25 2 . 2 1 1 . 1 1 0.41 - - -
pA 0.25 2 . 2 2 0.73 vs - - -
Ap 0.33 0.90 0.94 0.34 0.08 vs 0.03
dpG 0.85 2.49 0.93 0.37 0.06 0.04 vs
dGp 0.69 2 . 0 2 1 . 0 0 0.49 0.04 vs 0.03
pG 0.84 2.50 1.19 0.55 0 . 1 0 0.07 0 . 0 1
Gp 0.64 1.84 1.14 0.69 0.19 0.05 -
dpC 1 .0 0 3.57 1.06 0.58 0.15 0.03
dCp 0.79 1.53 0.95 0.54 - - -
pC 0.83 2.96 1.35 0.87 0 . 6 6 0 . 2 0 0.03
Cp 0.93 2.97 2 . 1 0 1.61 0.27 vs 0.41
dpT 0 . 8 8 1.96 0.85 0.38 0.05
dTp+Na 0.49 0.67 0.16 vs vs • -
pU 0.81 2.80 1.62 0.70 0 . 6 6 0.25 -
Up 1.34 0.80 1.16 1.07 0.61 vs -
The general trend of the rate of exchange for ki is cytidine > thymidine > guanosine > 
adenosine. Thus, the exchange rate order is the same as the experimental proton affinities 
with the exception o f thymidine and cytidine. However, it is unlikely that k ( represents 
the protonating hydrogen (related to the proton affinity o f the mononucleotide) because 
the phosphate and sugar hydrogens have a  lower calculated proton affinity and are likely 
to exchange first. It is impossible to determine from these experiments exactly what 
hydrogens are exchanging and in what order. Referring back to the structures o f  the 
mononucleotides (Figure 1.1), all mononucleotides have two hydrogens in common: two 
hydrogens arising from the phosphate group (POH). The semi-empirical calculations 
found that the two POH hydrogens have equivalent calculated proton affinities and, as
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seen in Table 4.1, the proton affinities for the POH groups for all mononucleotides are 
similar (around 180 kcal/mol), with two exceptions: dpA (161.7 kcal/mol) and pG (190.3 
kcal/mol).
Furthermore, each mononucleotide will also have either a 3'-hydroxyI (for the 5'- 
monophosphates) or a 5-hydroxyl (for the 3-monophosphates) which is available for 
exchange. Unlike the POH sites, a wide variation is found in the calculated proton 
affinities for the 3'- or 5'-OH groups, suggesting that nucleobase or phosphate interactions 
affect the proton affinities at these sites. However, except for dGp, the 3'- o r 5'-hydroxyl 
sites all have calculated proton affinities which are similar to the calculated proton 
affinities o f the POH sites, and both the POH and 3'- or 5'-hydroxyl proton affinities are 
calculated to be much less than the proton affinities at any sites on the nucieobases.
Thus, one would expect that the first three exchange rates for all mononucleotides 
investigated would be similar (although not identical), which is indeed found in the data 
in Table 4.4.
What is initially surprising is that all o f the mononucleotides, that were investigated 
with ND3 at an apparent reagent gas pressure of 1 x 1 0 "® torr for 600 s, exchange at least 
four hydrogens and not just the three hydrogens common to the sugar-phosphate moeity. 
To determine whether this initially unexpected result is better explained by the influence 
of the nucleobase on the exchange rate data, we have grouped the rates of exchange 
according to nucleobase identity (Figure 4.7) and plotted this data relative to the total 
amount o f deuterium which can be exchanged for each mononucleotide.
The (deoxy)adenosine mononucleotide (Fgiure 4.7a) exchange rates are plotted with 
respect to the predicted number based on conformational analysis. The presence of a
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Figure 4.7. Plots of percent deuterium incorporation vs. time for the first 10 seconds of exchange with ND3 for all the 
mononucleotides classed according to nucleobase. a) (deoxy)adenosine mononucleotides b) (deoxy)guanosine 
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hydrogen bond upon protonation at the N3 position would reduce the number of 
exchanges by I. Similarly for the (deoxy)guanosine mononucleotides (Figure 4.7b), the 
exchange rates are based on conformational analysis. The presence o f two hydrogen 
bonds upon protonation at the N3 position would reduce the number o f exchanges by 2. 
It is important to note that each (deoxy)nucleotide behaves uniquely from the other 
nucleobases. Cytidine-5’- and 3’-monophosphate are faster than the deoxycytidine-5’- 
and 3’-monophosphate (Figure 4.7c). It is also interesting to note that the two cytidine 
ribonucleotides exchange very similarly as do the two cytidine deoxynucleotides. The 
deoxyadenosine monophosphates have similar rates of exchange, but adenosine-3’- 
monophosphate has a  much faster exchange rate than the (deoxy)adenosine 
monophosphates. Furthermore, adenosine-3’-monophosphate was the only adenosine 
monophosphate that exchanged fully with ND3 . Again, as observed with the 
deoxycytidine-5’- and 3’-monophosphates, the deoxyadenosine-5’- and 3’- 
monophosphates have similar exchange rates.
This same trend is observed with the thymidine/uridine monophosphates (Figure 
4.7d) where the uridine-3’-monophosphate exchanges the fastest, and in the case of 
thymidine-5’ and 3’-monophosphates, have same exchange patterns. Each individual 
guanosine monophosphates exchanged differently with no overall trend observed. It is 
interesting to note that within each class o f  nucleobases, the deoxymononucleotides 
behaved similarly, while the ribomononucleotides only behave similarly for cytidine 
monophosphates. The 2’-hydroxyl group may play an important role in exchange with 
respect to the position o f the phosphate group.
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4J.6  Influence o f the Phosphate Group
Various nucleosides were also reacted with the deuterating reagents to elucidate the 
role that the phosphate group plays in the H/D exchange process. Nucleosides differ 
from nucleotides by the absence of the phosphate group on the 5’- or 3’-hydroxy group o f 
the furanose sugar. Deoxycytidine, cytidine, deoxyadenosine and thymidine were each 
reacted with D2O and ND3 for a reaction period o f 600 s. The nucleosides were very 
resistant to exchange with D2O, and limited exchange occurred when they were reacted 
with ND3. These results are summarized in Table 4.5.
Table 4.5. Number o f  exchanged hydrogens for protonated nucleoside ions reacted with 
ND3 and D2O after a 600 second reaction period. dC, C and dA were reacted with D2O at 
5.0 x 1 0 '8 torr and dT was reacted with D2O at 6.0 x 10' 8 torr. dC and C were reacted 
with ND3 at 1.2 x I O' 8  torr, and dA and dT were reacted with ND3 at 1.3 x 10' 8 torr.
d 2o Exchange n d 3 Exchange
dC (5) 0 dC (5) 2
C (6 ) 0 C (6 ) 3
dT (4) ~ 2 dT (4) 4
dA (5) 1 dA (5) 3
It is apparent that the phosphate group is important for the exchange process if  D2O is 
the exchange reagent, because of the fewer exchanges observed in its absence. It may be 
that the phosphate group is required for the formation o f an ion-molecule complex to 
facilitate exchange. The experimental proton affinities o f the nucleosides (cf. Table 1.1) 
are more than 40 kcal/mol greater than the predicted proton affinity o f D2O. ND3 
however, is within the 40 kcal/mol limit and can exchange per site/collision without 
complexation formation.
While exchange does occur with the nucleosides and ND3 , less deuterium exchange is 
occurring than predicted. Figure 4.8 shows the percent deuterium incorporation vs. time
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Figure 4.8. Plot o f percent deuterium incorporation vs. time for the nucleosides 
and nucleotides o f cytosine exchanging with ND3.
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for the cytidine monophosphates compared to cytidine and deoxycytidine. As is evident 
from this plot, the exchange process can be grouped according to the identity o f the 
furanose sugar: those analytes having a 2'-H group exchange similarly, with 
deoxycytidine yielding poorer exchange than deoxycytidine-5'- or 3'-monophosphate, and 
those analytes having a 2'-OH group exchange similarly, with, again, cytidine yielding 
poorer exchange than cytidine-5'- or 3'-monophosphate. The rates of nucleoside 
exchange with ND3 were calculated similarly to the nucleotides and are listed in Table 
4.6.
Table 4.6. Relative rates of exchange for exchangeable protons in each for protonated 
nucleoside ions determined by the Kinfit program (Nicoll and Dearden, 1997). All rates 
are reported relative to deoxycytidine-5’-monophosphate at a pressure of 1 x 10*8 torr.
Nucleoside kl k2 k3
dA 0.06 vs vs
dC 0.61 0.06 0
dT 0.35 0.46 0.65
C 0.51 0.61 0.29
The ki, k2 and k3 exchange rates are similar to the k», ks and k« exchange rates o f the 
corresponding nucleotide. This data supports the assumption that the phosphate 
exchanges rapidly or is involved in facilitating another rapid exchange elsewhere on the 
nucleotide.
4.4 Conclusions
Deuterium exchange on positively charged mononucleotides was performed with 
three different deuterating reagents, D20, D2S and ND3, to elucidate structural and 
thermochemical information. ND3 was the most effective deuterating reagent and 
completely exchanged all hydrogens for deuterium on all o f the mononucleotides with the 
exception of deoxycytidine-3’-monophosphate, deoxyadenosine-5’-monophosphate,
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deoxyadenosine-3 ’-monophosphate, adenosine-5’-monophosphate, guanosine-5’- 
monophosphate and guanosine-3 ’ -monophosphate. Incomplete exchange was attributed 
to intramolecular hydrogen bonding and to steric hindrance o f the mononucleotides. 
Conformational analysis o f  the mononucleotides from Chapter 3, by the use of molecular 
orbital calculations, also reveals the presence of intramolecular hydrogen bonding for the 
nucleotides that were not frilly exchanged. Furthermore, the molecular orbital 
calculations showed that intramolecular hydrogen bonding was most likely for adenosine 
and guanosine monophosphates. Experimental results indicate that intramolecular 
hydrogen bonding is stronger for guanosine monophosphates and weak for adenosine-3 ’- 
monophosphate. Reactions o f the nucleosides with D2O clearly demonstrate that an ion- 
molecule complex between D2O and the mononucleotide is necessary for exchange. 
Complexation between the mononucleotide and ND3 however is not required for 
exchange to occur. Comparison o f reaction rates between the nucleosides and 
nucleotides suggest that the phosphate group protons exchange first followed by the 
protons on the base.
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CHAPTER 5. CONCLUSIONS
5.1 Summary
The goal of this work was to acquire a fundamental knowledge o f  the gas-phase 
thermochemical properties and structures o f mononucleotides by mass spectrometric 
methods. To achieve this goal, the gas-phase proton affinities o f mononucleotides were 
determined using the kinetic method, hydrogen/deuterium (H/D) exchange experiments 
were performed and molecular modeling and theoretical calculations o f  mononucleotides 
were conducted at the semi-empirical level o f theory.
The first set of experiments were aimed at determining the proton affinities of 
(deoxy)nucleoside S'- and 3'-monophosphates (mononucleotides) using the kinetic 
method with fast atom bombardment mass spectrometry (FAB-MS). The proton 
affinities o f the (deoxy)nucleoside 5'- and 3'-monophosphates yielded the following 
trend: (deoxy)adenosine monophosphates > (deoxy)guanosine monophosphates >
(deoxy)cytidine monophosphates »  deoxythymidine/uridine monophosphates. In all 
cases the proton affinity decreases or remains the same with the addition o f  the phosphate 
group from those values reported for nucleosides. The proton affinity is dependent on the 
location o f the phosphate backbone (5 - vs. 3-phosphates): the 3'-monophosphates have 
lower proton affinities than the 5'-monophosphates except for the thymidine/uridine 
monophosphates where the trend is reversed.
Molecular modeling and conformational analysis was utilized in a second set of 
experiments to determine if  multiple protonation sites and intramolecular hydrogen bond 
formation would influence the proton affinity measurements. Semi-empirical 
calculations o f the proton affinities at various locations on each mononucleotide were
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performed and compared to the experimental results. The possible influence o f 
intramolecular hydrogen bonding between the nucleobases and the phosphate group on 
the measured and calculated proton affinities and the experimentally determined 
protonation entropies was discussed. Conformational analysis revealed the presence of 
hydrogen-bonding upon protonation o f the mononucleotides for the purine 
mononucleotides.
The third set of experiments examined the gas-phase structures o f protonated 
mononucleotides by the use o f  gas-phase hydrogen/deuterium exchange and high-field 
FTICR-MS. These nucleotides were reacted with three different deuterating reagents: 
D2O, DiS and ND3. ND3 was the most effective deuterating reagent o f the three. All of 
the mononucleotides fully exchanged their labile hydrogens for deuterium after a 600 
second reaction period, with the exception o f deoxycytidine-3’-monophosphate, 
guanosine-5’-monophosphate, guanosine-3’-monophosphate, deoxyadenosine-5’- 
monophosphate, adenosine-5’-monophosphate and deoxyadenosine-3’-monophosphate. 
These six mononucleotides were then reacted with the deuterating reagents under 
increased pressure for longer reaction periods. The guanosine-5’- and 3’- 
monophosphates were the only mononucleotides that completely exchanged deuterium; 
however, exchange was very slow even under the harsh reaction conditions. Incomplete 
exchange for the other mononucleotides was attributed to either intramolecular hydrogen 
bonding or steric hindrance. A comparison o f the gas-phase H/D exchange kinetics of 
mononucleotides with the corresponding nucleosides suggests that the phosphate group 
facilitates the exchange o f the mononucleotides when D2O is used as a deuterating 
reagent but not when ND3 is used as a deuterating reagent.
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5.2 Future Experiments
The proton affinity determinations using the high energy CID kinetic method gave 
results that were suspect. Analysis of the entropy effects on the dissociation o f proton- 
bound dimers o f mononucleotides with the reference bases from Chapter 2 demonstrated 
that the assumption that the partition functions for the activated complexes are equal to 
each other (Equation 1.15) is not valid. However, the relative trends observed from the 
analysis o f the mononucleotides under metastable decay conditions should remain valid. 
To determine if  the kinetic method is a valid method for thermochemical determinations 
of mononucleotides, the proton affinities of the mononucleotides should be determined 
by a different method. The only other mass spectrometric method available to determine 
the proton affinity of the mononucleotides would be the bracketing method.
Studying the entropy effects o f the dissociation o f proton-bound dimers using low 
energy collisions should be conducted to determine if  the reference bases chosen for the 
work presented in Chapter 2 are suitable. If the Tcn o f  the proton-bound dimers o f the 
mononucleotides and reference base does not increase with increasing internal energy 
under low energy CID conditions, the kinetic method for determining the proton affinities 
of the mononucleotides would be invalid. The same experiments discussed in section
2.2.3 can be repeated on an FTICR mass spectrometer to establish the Teff of the 
dissociating proton-bound dimers under low energy CID conditions.
Semi-empirical calculations of thymidine/uridine monophosphates suggested that the 
proton resides on the phosphate group as opposed to the nucleobase. Modifying the 
phosphate -OH group(s) with sulfur or methyl groups is a possible way to study the
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change in proton affinities (experimental and theoretical) between the natural and 
modified mononucleotides to investigate protonation sites.
Further examination o f  intramolecular hydrogen bonding o f the purine 
mononucleotides could be performed by H/D exchange analysis of modified 
mononucleotides under the same conditions presented in Chapter 4. Modifications could 
include substituting the N3 site of the purines with a group that would be unlikely to 
protonate, such as a methyl group. Complete H/D exchange o f the modified purine 
would indicate a hydrogen bond is unable to form without protonation at the N3 position. 
Other interesting modifications to the purines would be to modify the phosphate group 
with a sulfur or methyl group and examine the H/D exchange patterns in comparison to 
unmodified mononucleotides.
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PARTB:
ANALYSIS OF HYDROPHOBIC PROTEINS AND PEPTIDES BY 
MATRIX-ASSISTED LASER DESORPTION/IONIZATION 
TIME-OF-FLIGHT MASS SPECTROMETRY
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CHAPTER 6. INTRODUCTION
6.1 Significance/Goal
Hydrophobic peptides and proteins are important in many biological systems. 
Examples include proteins associated with the regulation o f  cell membranes (Schey,
Papac etal., 1992; Schneider and Chait, 1993; Schaller, Pellascio e ta i ,  1997), 
antimicrobial a-helical (Blondelle and Houghten, 1992; Javapour, Juban et al., 1996) and 
cyclic peptides (Kondejewski, Farmer etal., 1996; Gibbs, Kondejewski et al., 1998). The 
vast majority of peptides analyzed via MALDI-MS, however, are soluble in aqueous 
media. Hydrophobic peptides pose a unique problem for MALDI-MS due to their limited 
solubility in aqueous solutions, which limits the effectiveness o f conventional peptide 
matrixrsample preparation procedures. The goal of this section o f the dissertation is to 
develop new methods for the analysis o f hydrophobic proteins and peptides using 
MALDI-TOF-MS. To achieve this goal, two approaches have been investigated. The 
first approach involves solubilizing hydrophobic peptides and matrices in organic 
solvents, which allows for the analysis of solely hydrophobic peptides. The second 
approach employs the use of surfactants to solubilize hydrophobic proteins and peptides 
in aqueous solutions. Surfactant-aided MALDI-MS (SA-MALDI-MS) allows for the 
mass spectral analysis o f mixtures o f hydrophilic and hydrophobic peptides.
6.2 Conventional Mass Spectrometry of Proteins and Peptides
MALDI-MS and ESI-MS are becoming indispensable tools for the characterization of 
peptides and proteins (Karas and Hillenkamp, 1988; Beavis and Chait, 1990; Hillenkamp, 
1991; Roepstorff, 1993; Wilm, Shevchenko etal., 1996; Jungblut and Thiede, 1997; 
Ogorzalek Loo, Mitchell et al., 1997). The ease with which peptides can be analyzed
95
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
using MALDI-MS has been shown to be dependent on the number of basic amino acids 
residues present in the peptide (Olumee, Sadeghi etal., 1995; Zhu, Lee et al., 1995). Et 
has been shown that the incorporation o f basic amino acids (arginine, histidine and 
lysine) in a peptide chain greatly enhances the positive-ion mass spectrum. This 
enhancement has been attributed to a pre-protonation mechanism in which the peptide is 
protonated via an acid-base reaction in solution with the matrix instead o f an ion- 
molecule proton-transfer reaction in the gas phase.
Hydrophobic peptides typically do not contain basic amino acid residues, and the site 
of protonation is typically limited to the N-terminus of the molecule. Synthetic 
hydrophobic peptides, with protecting groups at each terminus, or cyclic hydrophobic 
peptides, do not contain any sites for pre-protonation in the condensed phase or ion- 
molecule proton-transfer reactions in the gas phase. The lack o f available sites of 
protonation increases the experimental difficulty associated with characterizing such 
samples.
Hydrophobic peptides tend to be soluble only in organic solvents such as chloroform 
or dimethylformamide. This factor creates a solubility problem between the analyte and 
most conventional peptide matrix preparations, which are typically prepared in aqueous 
media (Beavis and Chait, 1990; Cohen and Chait, 1996).
6.3 Current Methods for the Analysis of Hydrophobic Proteins and Peptides 
Using Mass Spectrometry
Hydrophobic peptides have been analyzed using electrospray ionization mass 
spectrometry (ESI-MS) (Schindler, Van Doresselaer et al., 1993; Schaller, Pellascio et 
al., 1997; Ball, Oatis et al., 1998) and MALDI-MS (Schey, Papac et al., 1992; Schey, 
1996; Ball, Oatis et al., 1998). To facilitate the ESI mass spectrometric analysis o f these
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peptides, the sample must be dissolved in a strong acid, commonly formic acid, acetic 
acid or trifluoroacetic acid (TFA), or analyzed using a chloroform:methanol:water 
mixture containing glacial acetic acid or TFA. For MALDI mass spectrometric analysis, 
the peptides are dissolved in aqueous formic acid or TFA which permits their analysis 
with standard peptide matrices.
The methods to analyze hydrophobic peptides described above all use acidic 
conditions to solubilize the peptides in aqueous media. Acidic conditions can cause the 
loss of protecting groups from synthetic peptides, and can potentially result in further 
decomposition of the sample. Such extreme sample preparation conditions can 
significantly impair the ability to confirm sample purity and identity of synthetic 
hydrophobic peptides using MALDI-MS.
A general approach to the analysis o f hydrophobic compounds by MALDI-MS has 
been to utilize non-aqueous solvents for preparation of both the matrix and analyte 
solutions. Juhasz and Costello prepared gangliosides in a chloroform/methanol mixture 
and several standard peptide matrices in acetonitrile/water mixtures for subsequent 
MALDI-MS experiments (Juhasz and Costello, 1992). Hydrophobic synthetic polymers 
have been detected with MALDI-MS using typical peptide matrices (DHB and sinapinic 
acid) dissolved in acetone (Danis and Karr, 1993). Bamidge et al. used the non-ionic 
surfactant, octyl-P-glucoside to isolate via HPLC and subsequently analyze 
transmembrane tryptic peptides o f rhodopsin using MALDI-MS in an aqueous solution 
(Bamidge, Dratzefa/., 1997).
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6.4 Research Plan
Two methods o f sample preparation will be examined for the analysis of 
hydrophobic proteins and peptides. The first involves the use o f non-aqueous solvents to 
solubilize various matrices and hydrophobic peptides with acid-labile protecting groups. 
A model protected hydrophobic peptide standard, [ferr-butoxycarbonyl]Glu[ y-O- 
Benzyl]-Ala-Leu-Ala[0-phenacyl ester], will be used for all studies. Abbreviations used 
in this dissertation for peptide protecting groups are: O-phenacyl ester (OPa, C-terminus 
protecting group); /erf-butoxycarbonyl (f-Boc, N-terminus protecting group); y-O-benzyl 
(y-O-Bzl, Glutamic acid residue protecting group); and 2-chloro-carboxybenzyl (2-C1- 
Cbz, Lysine residue protecting group). This peptide in the protected form has no sites of 
protonation; therefore a series o f experiments will be performed to study salts 
(cationizing agents) to facilitate ionization of the analyte to form a pseudomolecular ion. 
To demonstrate applicability o f this method towards other hydrophobic samples, 
hydrophobic cyclic peptides will be analyzed.
The second method utilizes surfactants to solubilize the peptide into aqueous 
solutions followed by standard MALDI sample preparation. Surfactant-aided MALDI 
(S A-MALDI) is especially useful for mixture analysis o f samples with varying degrees of 
solubility. The same model protected hydrophobic peptide, r-Boc-Glu[ y-0-Bzl]-Ala- 
Leu-Ala-OPa, will be used to optimize the conditions of SA-MALDI. Anionic, cationic, 
non-ionic and zwitterionic surfactants will be examined at different concentrations 
relative to the critical micelle concentrations of the surfactants. The utility o f  SA- 
MALDI will be demonstrated by the analysis of the model protected hydrophobic f-Boc- 
Glu[ y-0-Bzl]-Ala-Leu-Ala-OPa and a hydrophilic peptide, bradykinin fragment 1-5.
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Model proteins (apo-myoglobin, ~ 17 kDa and cytochrome C, ~  12kDa) will be digested 
with trypsin to mimic a peptide mapping experiment The mass spectrum with and 
without different surfactants will be compared with regards to mass coverage o f  the 
tryptic digest. Intrinsic (inside a membrane) polypeptides, CP 43 and CP 47, from the 
spinach photosystem II membrane protein complex will be used to demonstrate the 
usefulness o f SA-MALDI. CP 43 and CP 47 will be separated from the Photosystem II 
membrane protein complex by SDS-PAGE, in-gel digested with trypsin, extracted and 
analyzed with MALDI-TOF MS. A comparison of SA-MALDI-MS and conventional 
MALDI-MS will be made.
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CHAPTER 7. MATRIX-ASSISTED LASER 
DESORPTION/IONIZATION MASS SPECTROMETRY OF 
HYDROPHOBIC PEPTIDES USING ORGANIC SOLVENTS*
7.1 Introduction
This chapter describes the development of a new method to analyze hydrophobic 
peptides with MALDI-MS. In this method, matrices soluble in chloroform or 
chloroform/methanol solutions are used, permitting the sample and matrix solutions to be 
mixed prior to spotting on the MALDI sample plate. The lack of acidic solutions for 
solubilizing the peptide allows this method to be used with hydrophobic peptides 
containing acid-labile protecting groups. Ionization o f hydrophobic peptides in which 
both the N-terminus and C-terminus positions are blocked is achieved via cationization 
with residual salt from the matrix or from the addition o f appropriate salts to the matrix 




Dithranol, 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid or SA), 2,5- 
dihydroxy benzoic acid (DHB), a-cyano-4-hydroxycinnamic acid (HCCA), 3- 
indoleacrylic acid (IAA), NaCl, KCl, and AgNCb were obtained from Aldrich 
(Milwaukee, WI) and were used without further purification except where noted. All 
solvents used were HPLC grade. Methanol was desalted using AG501-X8(d) resin beads 
(Bio-Rad, Hercules, CA). Approximately 50 mg of beads were added per 100 mL o f  
solvent and allowed to stir for 1 hour. Chloroform was desalted using ammonium
* Reproduced in pan with permission from (Green-Church and Limbach, 1998) Copyright 1998 American Chemical Society
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carbonate. Activated AG50W-X8 cation exchange resin beads (Bio-Rad, Hercules, CA) 
were added to the solvents or prepared samples prior to spotting on the MALDI sample 
plate where noted. All peptides used were provided by Dr. Maria Ngu-Schwemlein at 
Southern University.
7.2.2 Sample Preparation
Hydrophobic peptides analyzed using the method described previously by Schey et al. 
(Schey, 1996) were prepared by dissolving the peptide in a 7:3 (v:v) solution of formic 
acidrhexafluoroisopropanol at a 10 mM concentration. 50 mM sinapinic acid, 100 mM 
DHB and 100 mM HCCA matrices each were prepared in 70% formic acid. 1- 2 pL o f a 
500:1 matrix:analyte solution was spotted onto the probe tip and allowed to dry.
Peptides prepared using the method discussed here were prepared as 100 pM 
solutions in chloroform. The solution was sonicated for 1 to 2 minutes to ensure 
complete solubilization o f the peptide. SA, DHB and HCCA were prepared as 10 mM 
solutions in a 2:1 chloroform:methanol mixture. IAA and dithranol were prepared as 10 
mM solutions in chloroform. NaCl and KC1 were prepared as 1 g/L solutions in the 
matrix. AgNC>3 was prepared as a 1 g/L solution in water.
Typically, 2 - 10 pL o f the matrix solution and 1 -  2 pL of the sample solution were 
combined (resulting in a 500:1 matrix.analyte ratio), and 1 - 2 pL o f this mixture was 
spotted on the MALDI plate and allowed to air dry. For those experiments utilizing the 
salt/matrix solutions, 1 —2 pL o f this solution was spotted on the plate and 1 — 2 pL of 
sample was immediately added to this solution and allowed to air dry.
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7.2.3 Mass Spectrometry
The MALDI-TOF experiments were performed on a PerSeptive Biosystems Inc. 
(Framingham, MA) Voyager linear MALDI-TOF instrument with an N 2 laser. Laser 
power was used at the threshold level required to generate signal. Accelerating voltage 
was set to 28 kV. The low-mass gate was used in all spectra recorded to reduce the ion 
abundances o f matrix ions. Each spectrum is an average o f 32 scans, and each 
experiment was conducted three separate times at different locations on the sample spot 
to average results and ensure reproducibility.
7 3  Results and Discussions
7.3.1 Investigations o f  Conventional Peptide Matrices
Hydrophobic peptides pose a general problem for routine MALDI-MS analysis due to 
the difficulty in preparing such samples with aqueous solutions o f matrices. The 
procedure reported by Schey et al. (Schey, 1996) utilized acidic solutions to facilitate 
matrix/analyte mixing. Unfortunately, such an approach is unsuitable for peptides with 
acid-labile protecting groups. Figure 7.1 is the mass spectral results obtained on a model 
hydrophobic peptide, /-Boc-Glu[ y-O-Bzlj-Ala-Leu-Ala-OPa, prepared by dissolving the 
peptide in a formic acid:hexafluoroisopropanol mixture. For the three matrices 
investigated, no molecular or pseudomolecular ions are observed. The major analyte 
peak arises from the loss o f  the f-Boc group. The extent o f peptide fragmentation is 
determined by the matrix used, but the loss o f the acid-labile protecting group is the 
dominant process in all three matrices. Presumably, the f-Boc protecting group is lost 
from the peptide in the formic acid:hexafluoroisopropanol solution used to dissolve the 
peptide in aqueous medium, although the protecting group may be lost during the
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Figure 7.1. MALDI-TOF mass spectra o f the hydrophobic peptide f-Boc-Glu[ y-O-Bzl]- 
Ala-Leu-Ala-OPa dissolved in 7:3 (v:v) solution of formic acid:hexafluoroisopropanol 
and analyzed with a) 100 mM DHB, b) 50 mM SA, and c) 100 mM HCCA 
matrices. No molecular or pseudomolecular ions can be detected as the N-terminus 
protecting group is acid labile. Peaks indicated by an asterisk are fragment peaks, 
unlabeled peaks are matrix ions.
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desorption/ionization step (Schmidt, Krause et al., 1995). Protected hydrophilic peptides 
have been characterized using fast atom bombardment (Grandas, Pedroso et al., 1988) 
and MALDI-MS (Schmidt, Krause et al., 1995). Schmidt et al. found that matrix acidity 
in MALDI-MS correlated to molecular ion stability. 2,5-Dihydroxybenzoic acid (DHB), 
the most acidic matrix studied, caused significant cleavage o f the acid-labile side chain 
protecting groups o f synthetic peptides, while more neutral matrices such as 2,4,6- 
trihydroxyacetophenone or 2-amino-5-nitropyridine, caused little fragmentation of the 
protected hydrophilic peptide.
Because the previous protocol results in the loss o f acid-labile species from the 
peptide, a different approach to solubilizing the sample and matrix was sought. Because 
the peptides are soluble in aprotic solvents such as chloroform, we initially focused our 
efforts on dissolving the standard peptide matrices in chloroform or mixtures o f 
chloroform and alcohols. Table 7.1 lists the matrices used in this study and their relative 
solubilities in various classes o f solvents.
Table 7.1. Relative solubilities of the matrices used in this study in various classes of 
solvents. Most o f the solvents in which the matrices are completely soluble are 
incompatible with the hydrophobic peptides, which are completely soluble in non-polar 
organic solvents (Lide, 1999).__________ ________




DHB Yes Yes Yes No
SA No Yes Yes No
HCCA No Yes Yes No
Dithranol No Yes Yes Yes
IAA No No Yes Yes
Figure 7.2 is the mass spectra obtained by the use o f the same peptide matrices 
utilized in Figure 7.1, but prepared in chloroform:methanol solutions. The acid-labile 
protecting group is still lost to some extent, but an intense pseudomolecular ion is now
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Figure 7.2. MALDI-TOF mass spectra o f the hydrophobic peptide f-Boc-Glu 
[ y-O-BzlJ-Ala-Leu-Ala-OPa dissolved in chloroform and analyzed with 10 mM 
solutions o f a) DHB, b) SA and c) HCCA matrices in a 2:1 chloroform: 
methanol mixture. Abundant pseudomolecular ions corresponding to sodium and 
potassium adducts are observed along with some loss o f the N-terminus protecting 
group. Peaks indicated by an asterisk are fragment ions. Unlabeled peaks are 
matrix ions.
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seen in ail three cases. MALDI-MS analysis using DHB as the matrix (Figure 7.2a) 
yielded the cleanest (least amount o f fragmentation and matrix peaks) mass spectrum, 
while using the matrix HCCA (Figure 7.2c) resulted in a significant production of 
fragment ions. DHB appeared to be the best matrix o f the three investigated; therefore it 
was used for the following study.
Because the standard peptide matrices are not soluble in chloroform, the matrices had 
to be prepared in a solvent mixture to ensure they were at least partially dissolved in the 
solution. It was found that if the matrix was dissolved in a solution of chloroform and 
methanol, then abundant pseudomolecular ion signal from the hydrophobic peptide could 
be obtained. The ratio o f  chloroform:methanol was varied from 100% methanol to 100% 
chloroform. Figure 7.3 is a semilog plot of the (M + Na)+ and (M -t-Boc + H)+ ion 
abundances vs. the volume ratio of chloroformrmethanol used in preparation of the DHB 
matrix. When the DHB matrix is dissolved in 100% methanol, a weak signal is obtained 
for the (M + Na)+ and (M - t-Boc + H)+ ions. The weak signal observed is likely due to 
the limited solubility o f the peptide in methanol. When the volume o f methanol is greater
than chloroform, the (M - t-Boc + H)+ ion abundances are greater than the (M +- Na)+ ion 
abundances. When the volume o f chloroform exceeds the volume o f methanol in the
solvent mixture, the (M +  Na)+ ion is the most abundant peak in the mass spectrum. A 
2:1 chloroformrmethanol ratio was found to be the optimal solvent mixture because the
(M + Na)+ ion is the most abundant peak in the mass spectrum, the (M - r-Boc + H)+ ion 
abundance is low, and the overall quality o f the mass spectrum is sufficient for analytical 
use.
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Figure 73. Semilog plot o f  die (M + Na)+ and (M -t-Boc + H)+ ion abundances 
vs. the volume ratio o f chloroform :methanol used in preparation o f  the DHB matrix. 
Optimal results are obtained at a 2:1 chloroform:methanol ratio as the (M + Na)+ 
is the most abundant in die mass spectrum while the (M - t-Boc + H)+ fragment 
ion abundance is minimal.
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The next series o f  experiments were performed to determine if  the matrix to analyte 
ratios used dramatically influenced fragmentation. DHB, sinapinic acid and HCCA were 
used for this study. The matrixranalyte ratios used were 100:1, 500:1, 1000:1 and 
10000:1. Figure 7.4 are plots o f  the ion abundances o f  the (M + Na)+ and (M - r-Boc + 
H)+ vs. the matrix-to-analyte ratios for the model peptide. Figure 7.4a is the matrix DHB, 
which shows stable ion abundance throughout most o f the ratios examined. The (M +- 
Na)+ abundance is much greater than the (M - r-Boc + H)"” abundance when DHB is used 
as the matrix. Figure 7.4b is the matrix SA. Greater fragmentation is observed as shown 
by the similar abundances o f the (M + Na)+ and (M - f-Boc +  H)+ peaks. Finally, Figure 
7.4c is the matrix HCCA. HCCA causes the most fragmentation and the (M - f-Boc +
H)+ abundance is greater than the (M + Na)+ abundance. Optimal results (i.e., minimal 
fragmentation and abundant pseudomolecular ion) were found with DHB in 1000:1 
matrix:analyte ratio.
7.3.2 Investigations of Alternative Matrices
The standard peptide matrices dissolved in a chloroform/methanol mixture, while 
successful, can produce significant fragment ions from the sample. As the cationized 
molecular ions (M + Na)+ and (M + K)+ are the most abundant peaks in those cases, it 
seemed reasonable to explore other matrices more soluble in chloroform that are typically 
used with cationizing agents. For example, dithranol and IAA have been used as 
matrices, in conjunction with various salts (typically sodium or silver), for MALDI-MS 
analysis of synthetic polymers (Bahr, Deppe etal., 1992; Belu, DeSimone etal., 1996; 
Mowat, Donovan et al., 1997; Scrivens, A.T. et al., 1997; Wong and Chan, 1997). As 
seen in Figure 7.5, the pseudomolecular ions (M + Na)+ and (M + K)+ were detected in
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Figure 7.4. Ion abundance o f (M + Na)+ and (M - t-Boc + H)+ vs. matrix-to- 
analyte ratio for a) DHB, b) SA and c) HCCA. DHB gives the best results with 
respect to greater ion abundances for (M + Na)+ throughout the range o f matrix- 
to-analyte ratios.
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Figure 7.5. MALDI-TOF mass spectra of the hydrophobic peptide r-Boc-Glu 
[ y-0-Bzl]-Ala-Leu-Ala-OPa dissolved in chloroform and analyzed with 10 mM 
solutions of a) dithranol and b) IAA matrices in chloroform. Abundant 
pseudomolecular ions corresponding to sodium and potassium adducts are 
observed along with some loss o f the N-terminus protecting group. Peaks 
indicated by an asterisk are fragment ions. Unlabeled peaks are matrix ions.
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either matrix. IAA as a matrix results in less fragmentation than dithranol, but both 
matrices yield more fragment ions than does DHB (cf. Figure 7.2a).
7.3.3 Cationization Studies
Because hydrophobic peptides, such as those investigated in this study, have no sites 
o f protonation when the termini are protected or blocked, it appears that cationization is 
the preferred approach to generating pseudomolecular ions. To demonstrate that these 
types of peptides are detected exclusively as the cationized pseudomolecular ion, because 
all feasible site of protonation are blocked, a similar peptide to that used in Figures 7.1 -
7.5 was analyzed. The peptide analyzed in Figure 7.6 NH2-Ala-Leu-Ala-OPa, is identical 
to the previous peptide except that the N-terminus protecting group is removed. An (M + 
HT peak is now observed, and the peaks indicated by a dagger are contaminants in the 
original sample.
It was assumed that the sodium and potassium contributing to the production of the 
pseudomolecular ions arise from the solvents and matrix used in these experiments. A 
series of experiments were performed to determine if  desalting the matrix solution would 
adversely affect the pseudomolecular ion abundance, or if  by desalting the sample, a true 
molecular ion would be observed. Sequential desalting o f the matrix and solvents with 
ion-exchange resin beads and matrix purification prior to MALDI-MS resulted in a 50% 
reduction in the (M + Na)+ and (M + K)+ ion abundances as shown in Figure 7.7. Each 
point on the x-axis represents a sequential desalting technique employed. The first point 
is with no desalting technique employed before MALDI-MS analysis o f f-Boc-Glu[ y-O- 
Bzl]-Ala-Leu-Ala-OPa; a strong pseudomolecular ion is observed. Cation exchange resin 
beads activated with ammonium acetate were added to the solvents prior to sample
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Figure 7.6. MALDI-TOF mass spectrum o f the N-terminus deprotected 
hydrophobic peptide NH2-Ala-Leu-Ala-OPa. With the N-terminus protecting 
group removed, an (M + H)* peak is now observed. The peak indicated by a 
dagger is a contaminant in the original sample.
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Figure 7.7. Ion abundance o f the psuedomolecular ions (M + Na)+ and 
(M + K)+ for r-Boc-Glu[ y-0-Bzl]-Ala-Leu-Ala-OPa after employing four 
sequential desalting steps. The first point corresponds to no desalting techniques 
used prior to MALDI analysis. The second point corresponds to desalting the 
solvents with cation-exchange resin beads. The third point is the addition o f the 
cation-exchange resin beads to the sample. The fourth point relates to recrystallization 
of the matrix. The fifth point correlates to cation exchange resin beads added 
to the MALDI sample plate and the sample spotted on top.
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preparation and a reduction in ion abundance is observed as shown by the second data 
point in Figure 7.7. The same resin beads were added to the sample for the third 
sequential desalting and the ion abundance o f the pseudomolecular ion is decreased 
slightly. The matrix was purified by recrystallization with 18 M fi purified water and the 
matrix/sample solution was prepared with the desalted solutions from above for the 
fourth point. A slight increase in signal o f the pseudomolecular ion is observed; 
however, it is still lower than without any desalting techniques employed. Finally, cation 
exchange resin beads were added to the MALDI sample plate and the matrix/analyte 
solution utilizing all four o f the desalting techniques was spotted on top of the resin 
beads. A dramatic decrease o f the pseudomolecular ion abundance is observed. No (M + 
H)+ is ever observed in these experiments, indicating the cation is crucial in detecting this 
hydrophobic protected peptide. Figure 7.8a is the mass spectrum of r-Boc-Glu[ y-O-Bzl]- 
Ala-Leu-Ala-OPa prepared with DHB with no desalting techniques employed, and Figure 
7.8b is the mass spectrum o f f-Boc-Glu[ y-0-Bzl]-Ala-Leu-Ala-OPa prepared in DHB 
using the combination o f all four desalting steps. These figures demonstrate the dramatic 
difference in the quality o f the mass spectra obtained when cations are rigorously 
removed from the sample and matrix solutions.
Because ion abundance is determined by the presence of cations in the matrix 
solution, the next set o f experiments focused on the addition of cationization agents to 
improve the production of the cation-adducted molecular ion. NaCl, KC1 and AgNC>3 
were investigated to determine the optimum cationizing agent for this model peptide.
Each of the three salts generated the expected (M + cation)* peaks as seen in Figure 7.9. 
With each salt used, only one cation adduct was observed, and in each case the cation
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Figure 7.8. Mass spectra o f f-Boc-Glu[ y-0-Bzl]-Ala-Leu-Ala-OPa prepared 
with DHB with a) no desalting techniques employed and b) using the combination 
of all four desalting steps. A dramatic difference in the quality of the mass spectra 
is obtained when cations are rigorously removed from the sample and matrix
solutions.
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Figure 7.9. MALDI-TOF mass spectra of the hydrophobic peptide r-Boc-Glu 
[ y-0-Bzl]-Ala-Leu-Ala-OPa with addition o f a) NaCl, b) KC1 and c) AgN03. 
The cationized pseudomolecular ion formed is determined by the cation 
that was premixed with the sample prior to spotting on the sample plate.
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added replaces any other cation adduction that might occur, e.g. when potassium is 
added, (M -+- Na)+ is no longer seen. Silver nitrate yielded the lowest pseudomolecular 
ion abundance, and sodium chloride resulted in the most abundant pseudomolecular ion. 
Further, the addition o f the salt to the sample and matrix results in a reduction in the 
fragmentation of the peptide, yielding an abundant pseudomolecular ion with only 
minimal fragment ions appearing at relatively high m/z values. In general, additional salt 
solutions are not necessary for the analysis of hydrophobic peptides as the 
pseudomolecular ion is observed from a sample preparation involving matrix alone.
7.3.4 Cyclic Hydrophobic Peptides
Cyclic hydrophobic peptides, like the linear hydrophobic peptides having protecting 
groups at each terminus, do not have suitable sites o f protonation for analysis via 
standard MALDI-MS techniques. Thus, such samples should be amenable to the 
protocol developed here. To demonstrate the applicability o f this method to cyclic 
hydrophobic peptides, cyclo[-Ala-Leu- ] 2  (Figure 7.10a) and a cyclic peptide containing 
(2-Cl-Cbz-protected) Leu and Lys residues (Figure 7.10b) were prepared and analyzed 
using the same procedure as for the model peptide in Figure 7.2. In Figure 7.10a, the 
most abundant ion detected in the mass spectrum is the (M + Na)+ ion along with a small 
(M + H)+ ion and peaks corresponding to the dimer o f this cyclic peptide. In Figure 
7.10b, only the (M + Na)+ ion is detected. There was some question whether the sample 
analyzed in Figure 7.10b was a  cyclic or linear peptide as the difference between the 
sodiated cyclic peptide and the linear peptide is 5 u. Angiotensin (m/z 1297.5) was used 
to internally calibrate the mass spectrum from which it was determined that the peak was 
the sodiated cyclic peptide rather than the protonated linear peptide.
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Figure 7.10. MALDI-TOF mass spectra o f cyclic hydrophobic peptides a) cyclo- 
[-Ala-Leu]2 and b) a cyclic peptide containing (2-Cl-Cbz-protected) Leu and Lys 
residues. Each cyclic peptide was prepared and analyzed using the same 
procedure as for the linear peptide in Figure 7.2. In both cases, the most abundant 
ion is the (M + N ay peak.
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7.4 Conclusions
A new protocol for the MALDI-MS characterization o f hydrophobic peptides has 
been presented. Hydrophobic peptides with acid-labile protecting groups cannot be 
characterized using aqueous acid solutions. Several standard MALDI matrices have been 
found to be sufficiently soluble in chloroform or chloroform/methanol solutions which 
permits the use o f chloroform as the solvent for both the matrix and peptide. The lack of 
suitable sites for protonation o f such peptides requires the formation o f  cation-adducted 
pseudomolecular ions. Various salts yielded cation-adducted pseudomolecular ions, with 
sodium salts resulting in the highest ion abundance and lowest fragmentation. The 
procedure described herein is suitable for the characterization o f both linear and cyclic 
hydrophobic peptides.
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CHAPTER 8. SURFACTANT-AIDED MATRIX-ASSISTED LASER 
DESORPTION/IONIZATION MASS SPECTROMETRY OF 
HYDROPHOBIC AND HYDROPHILIC PEPTIDES
8.1 Introduction
One, at times significant, drawback to MALDI-MS and ESI-MS are their lower 
ionization efficiencies when characterizing hydrophobic biomolecules, which limits the 
analytical utility o f these approaches. Obviously, an ideal mass spectrometric approach 
would not discriminate based on a molecule's hydrophobicity, thereby improving the 
analytical information one can obtain during an experiment. As the discussion pertains to 
MALDI-MS, hydrophilic peptides are easily analyzed using standard aqueous matrix 
preparations, but hydrophobic peptides are more problematic due to their limited 
solubility in aqueous solutions.
Chapter 7 demonstrated the analysis of acid-labile hydrophobic peptides by a non- 
aqueous methodology, where the peptide and matrix are solubilized in a 
chloroform/methanol solution. That approach is ideal for hydrophobic peptides (including 
acid-labile and cyclic hydrophobic peptides), but it is not applicable for the 
characterization o f hydrophilic peptides. An initial goal of our work in this area was to 
develop an approach suitable for the analysis of both hydrophobic and hydrophilic 
peptides from the same mixture which did not require the use of any harsh (e.g., strong 
acid) experimental conditions.
The detergent sodium dodecyl sulfate (SDS) is commonly used in protein analysis for 
solubilizing and separating protein mixtures by one and two-dimensional polyacrylamide 
gel electrophoresis (PAGE). Many papers have addressed the effect o f surfactants on 
subsequent mass spectrometric analysis of peptides and proteins, and have presented
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methods for the removal o f surfactants to reduce signal deterioration or loss due to the 
presence o f these surfactants (Beavis and Chait, 1990; Strupat, Karas et al., 1994; 
Vestling and Fenselau, 1994; Cohen and Chait, 1997; Clarke, Li etal., 1998; Jeannot, 
Zheng etal., 1999; Li, Dong etal., 1999; Puchades, Westman etal., 1999). Ogorzalek- 
Loo et al. studied the effect o f detergents on ESI-MS data and concluded that detergents 
should be avoided when possible because o f signal intensity loss (Ogorzalek Loo, Dales 
et al., 1994; Ogorzalek Loo, Dales et al., 1996). Jeannot et al. recently showed that the 
presence o f glycerol or Tris buffers had little to no effect on the resolution and mass 
accuracy in MALDI-MS, whereas the presence o f SDS, even at low concentrations, 
degrades the sensitivity and reduces the resolution and mass accuracy o f the mass 
spectral measurements (Jeannot, Zheng et al., 1999). These findings have led to the 
development of a variety o f methods to remove detergents prior to mass spectrometric 
analysis of proteins, particularly from SDS-PAGE gels, and include eiectroblotting, 
(Strupat, Karas et al., 1994; Vestling and Fenselau, 1994) passive elution (Cohen and 
Chait, 1997) and electroelution (Clarke, Li et al., 1998).
Rosinke et al. examined several non-ionic, cationic and zwitterionic surfactants for 
the analysis of membrane proteins and non-covalent complexes (Rosinke, Strupat et al.,
1995). Octyl-P-glucoside was determined to be the most effective for this type of 
analysis, while SDS was determined to be the worst due to cation adduction. Bamidge et 
al. used a non-ionic surfactant, octyl-P-glucoside, in the reverse phase HPLC mobile 
phase to prevent aggregation o f the hydrophobic proteins during HPLC. The non-ionic 
surfactant still present in the solution was determined to be crucial in solubilizing the
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hydrophobic peptides for subsequent sample handling and mass spectral analysis o f the 
HPLC fractions (Barnidge, Dratz et al., 1997).
Our interest differs from much of the current MALDI surfactant research in that we 
use the surfactants to solubilize hydrophobic peptides, possibly by means o f micelle 
formation, in an aqueous solution. Chapter 8 investigates a number o f surfactants to 
serve as suitable solubilization agents for MALDI-MS. Chapter 8 also describes the use 
o f surfactant-aided matrix-assisted laser desorption/ionization mass spectrometry (SA- 
MALDI-MS) as a new approach for characterizing mixtures o f both hydrophobic and
hydrophilic peptides. In addition, the roles that Na+ and the surfactant SDS play in 
reducing the quality of MALDI-MS results will be discussed.
8.2 Experimental
8.2.1 Materials
Sinapinic acid, 2,5-dihydroxybenzoic acid (DHB), bradykinin, bradykinin 
fragment 1-5, angiotensin, cytochrome c, myoglobin, sodium dodecyl sulfate (SDS), 
taurocholic acid, dodecyltrimethylammonium bromide (DTAB), cetrimonium bromide 
(CTAB), CHAPS, Tween 20, Brij 35 and Brij 56 were obtained from Aldrich 
(Milwaukee, WI) and were used without further purification. The hydrophobic peptide 
([Verf-butoxycarbony l]Glu[ y-0-Benzyl]-Ala-Leu-Ala[0-phenacyl ester]) was provided 
by Dr. Maria Ngu-Schwemlein at Southern University, Baton Rouge. HPLC-grade 
methanol, ethanol, and acetonitrile and nanopure water (> 18 MQ) were used in all 
experiments. AG50W-X8 cation-exchange resin beads were purchased from Bio-Rad 
(Hercules, CA) and activated with ammonium acetate (Nordhoff, Ingendoh et al., 1992).
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8.2.2 MALDI Sample Solutions
For the initial surfactant screening experiments, surfactant solutions in nanopure 
water were prepared for each surfactant at three concentrations related to the critical 
micelle concentration (CMC) o f the surfactant: half the CMC, at the CMC and twice the 
CMC. The CMC's for the various surfactants studied are: SDS, 8.3 mM; taurocholic 
acid, 15 mM; Brij 35,0.06 mM; Brij 56,0.24 mM; Tween 20,0.047 mM; DTAB, 14 
mM; CTAB, 1.3 mM; and CHAPS, 8 mM. The % surfactant concentrations reported in 
the paper were calculated based on the mole ratio o f  surfactant in the matrix solution 
(mols surfactant/(mols surfactant + mols matrix)).
Approximately 100 pg of the model hydrophobic peptide, r-Boc-Glu[ y-O-BzIj-Ala- 
Leu-Ala-OPa, was dissolved into 140 pL o f the surfactant solution. To improve the 
solubilization o f the peptide, these solutions were sonicated for an hour with periodic 
vortexing. All peptide/surfactant solutions were stored at -20 °C until analysis.
DHB was prepared at a concentration of 100 mM in a 1:1 volumetric ratio o f ethanol 
to water or in water alone. Saturated solutions o f sinapinic acid were prepared in a 9:1 
volumetric ratio of acetonitrile to water. Prior to analysis, 5 pL of the matrix solution 
was mixed with 2 pL o f  the model peptide/surfactant solution. Then 1 pL o f this mixture 
was spotted onto the MALDI sample plate and allowed to air dry.
The mixtures of hydrophilic and hydrophobic analytes in SDS were prepared in a 
similar fashion to those above. Most analyses were performed using SDS at twice the 
CMC. Multi-component peptide analyses were prepared typically by combining 2-5 pL 
of the hydrophobic peptide solution (1 mM) with 2-6 pL o f the hydrophilic peptide 
solutions (0.1 mM) and 5—20 pL of the 100 mM DHB solution. Cytochrome c and
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myoglobin were prepared as 100 pM stock solutions in water or in SDS solutions at twice 
the CMC. For the analysis o f cytochrome c and myoglobin, 2 pL o f the stock protein 
solutions were combined with 5 pL o f the saturated sinapinic acid solution. Then 1 pL o f 
this mixture was spotted onto the MALDI sample plate and allowed to air dry.
8.2.3 Mass Spectrometry
All experiments were performed using a PerSeptive Biosystems Inc. (Framingham, 
MA) Voyager linear MALDI-TOF instrument with an N2 laser in positive-ion mode.
Each mass spectrum is the average o f 32 scans. For all experiments, the accelerating 
voltage was held at 28 kV, and laser power was set to the minimum level necessary to 
generate a reasonable signal (threshold). The low-mass gate was used in all spectra 
recorded to reduce the ion abundances of matrix ions. A two point calibration using 
angiotensin and bradykinin fragment 1-5 was used for all analyses of the hydrophobic 
peptides.
8.3 Results and Discussions
8.3.1 Surfactant Screening
Cationic, anionic, zwitterionic and non-ionic surfactants were investigated as to their 
effectiveness at yielding an abundant pseudomolecular ion for the model acid-labile 
hydrophobic peptide, f-Boc-Glu-(0-Bzl)-Ala-Leu-Ala-OPa. The results o f these 
investigations are summarized in Table 8.1.
Due to the hydrophobic and/or protected amino acid residues, and due to the C- and 
N-termini protecting groups, there are no sites amenable for protonation on the peptide. 
Thus, the pseudomolecular ion [M + Na]+ should be detected in this case (column 3). As 
discussed in Chapter 7, the loss o f the acid-labile f-Boc protecting group is a common
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Table 8.1. Surfactant analysis of the model hydrophobic peptide f-Boc-Glu-(y-Bzl)-Ala- 
Leu-Ala-Opa. (++) = strong signal detected; (+) = signal detected; (-) = no signal 
detected. Concentrations are based on the mole ratio o f  surfactant in the matrix solution 
(mols surfactant/(mols surfactant + mols matrix)). 0.4 nmols o f sample were spotted on 
the plate for each evaluation and analyzed with DHB prepared in a  1:1 volumetric ratio o f 
ethanol: water.
Fragment Surfactant Surfactant
Surfactant % Surfactant [M+Na]+ Ions Peaks Adducts
Blank N/A F F N/A N/A
Cationic
1.0% — — + —
CTAB 0.5% — — -F —
0.3% F -FF + —
11.2% — — + —
DTAB 5.6% — — + —
2.8% — — + —
Anionic
Taurocholic 12.0% FF F ++ —
Acid 6.0% -FF F -F-F —
3.0% -H- F -F-F —
6.2% FF F — —
SDS 3.3% F -F — —
1.7% — + — —
Zwitterionic
6.4% — — -F-F —
CHAPS 3.2% — — -F-F —
1.6% - — -F-F —
Nonionic
0.04% -F -F-F — —
Tween 20 0.02% F +-F — —
0.01% F -FF — —
0.2% -F — -F-F —
Brij 56 0.1% — + -F —
0.05% — + — —
12.0% — + -F —
Brij 35 6.0% — + F -
3.0% — + -F —
125
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
occurrence during MALDI-MS o f  this model hydrophobic peptide, and the extent o f  this 
loss is denoted in column 4. The last two columns in Table 8.1 describe spectral 
interferences directly associated with the surfactant, including surfactant peaks and 
surfactantrpeptide adducts.
Examples o f the MALDI-MS results obtained from two o f the surfactants 
investigated, CHAPS and taurocholic acid, are shown in Figure 8.1. Figure 8.1a is the 
model peptide mixed with a 6.4% solution of the cationic surfactant CHAPS. The only 
peaks observed in the mass spectrum result from the surfactant; no pseudomolecular ion 
is detected. Figure 8.1b is the mass spectrum of the model hydrophobic peptide mixed 
with a 12% solution o f  the anionic surfactant taurocholic acid. In this case, a strong 
peptide pseudomolecular ion is detected; however, interfering peaks from the surfactant 
and fragmentation of the peptide (indicated in the spectrum with asterisks) are also 
observed.
As seen in Table 8.1, the only class of surfactants which regularly yielded abundant
[M+Na]+ ions from the model hydrophobic peptide were the anionic surfactants. The 
non-ionic surfactants, Brij 56 and Tween 20, and the cationic surfactant, CTAB, typically 
yielded a low abundance [M+Na]+ peak. Surfactant monomer, dimer, and polymer peaks 
are prevalent in the mass spectra o f zwitterionic and cationic surfactants, the presence o f 
which can be attributed to performing the analyses in positive-ion mode. There are no 
anionic surfactant peaks observed for SDS at threshold laser power, but taurocholic acid 
exhibits several strong surfactant peaks (Figure 8.1b). Taurocholic acid has an amine 
group which is a potential site for protonation, whereas SDS is a straight chain aliphatic 
hydrocarbon attached to a  sulfate group with no sites amenable to protonation.
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Figure 8.1. a) MALDI-TOF mass spectrum o f the hydrophobic peptide /-Boc-Glu 
[ y-0-Bzl]-Ala-Leu-Ala-OPa dissolved in 2 x CMC o f CHAPS and analyzed with 10 
mM DHB prepared in 50:50 ethanol: water, b) The same peptide dissolved in 2 x 
CMC o f Taurocholic acid and analyzed with 10 mM DHB prepared in 50:50 ethanol: 
water. No molecular or pseudomolecular ions can be detected in a) and only surfactant 
peaks are observed. An abundant pseudomolecular ion corresponding to the sodium 
adduct is observed in b) along with surfactant ions that may interfere with other samples. 
Peaks indicated by an asterisk are fragment ions.
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No surfactant:peptide adducts are seen in any o f  the mass spectra, suggesting that the 
surfactants serve to passively solubilize the hydrophobic peptide. Because SDS exhibited
a high abundance [M +- Na]+ peak with little to no loss o f the r-Boc protecting group and 
with no interfering surfactant peaks or surfactant:peptide adducts, SDS was used as the 
surfactant o f choice for the remaining experiments.
8.3.2 The Effect o f SDS on the Analysis of Hydrophobic Peptides
The previous experiments were performed using DHB prepared in a solution o f 50% 
aqueous ethanol. We were interested in determining whether the presence o f the organic 
solvent in the sample mixture (hydrophobic peptide/SDS/matrix) exhibiting any 
deleterious effects on the mass spectral data, and we were interested in determining 
whether SDS was still effective in pure aqueous solutions (i.e., no ethanol present). To 
address this issue, four control experiments were performed to determine if  ethanol was 
contributing to the improved solubility of the peptide, influencing the loss o f the r-Boc 
protecting groups, or minimizing SDS interferences at high concentrations o f surfactant.
The first experiment involved preparing a hydrophobic peptide blank that contained 
no organic solvent or SDS. No peaks are obtained from the analysis at several levels o f 
laser power and testing several points along the MALDI spot (Figure 8.2a). As 
previously shown with this model hydrophobic peptide in Chapter 7, no pseudomolecular 
ion is detectable when the sample is prepared in an aqueous solution, presumably due to 
the poor solubility o f the peptide in such solutions. To determine the level o f  spectral 
peak interference attributable to SDS, we prepared a 57% solution o f SDS without any 
peptide present. No surfactant peaks are detected (Figure 8.2b) until a point greatly 
above the threshold laser power. The lack o f surfactant peaks at normal operating laser
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Figure 8.2. MALDI-TOF mass spectra o f the hydrophobic peptide f-Boc-Glu 
[ y-0-Bzl]-Ala-Leu-Ala-OPa. a) The peptide was dissolved in water and analyzed 
with DHB prepared in water. No signal is observed, b) SDS was prepared at 40x 
CMC to determine i f  at high concentrations of SDS would produce interfering ions 
in the spectra. No signal is observed, c) The hydrophobic peptide was prepared in 
water and analyzed with DHB in 50% ethanol. The observed spectra is believed to 
be from ethanol aiding in solubility and causing fragmentation o f the acid-labile 
protecting group. No pseudomolecular ion is observed. Peaks indicated by an 
asterisk are fragment ions, d) The hydrophobic peptide was prepared in a 2x CMC 
solution of SDS and analyzed with DHB prepared in water. Only the 
pseudomolecular ion is observed with no fragmentation.
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power indicates that SDS can be used in peptide analyses with no surfactant peak 
interferences.
Next, the hydrophobic peptide sample was prepared in water (no surfactant added) 
and the standard DHB matrix preparation (50% aqueous ethanol). Similar to other results 
obtained in Chapter 7, an abundant [M — t-Boc]+ ion is detected along with several minor 
fragment ions (Figure 8.2c). Thus, the presence o f ethanol from the matrix solution helps 
promote the solubilization of the peptide but, as the peptide is in an acidic environment, 
loss of the acid-labile r-Boc group occurs readily. Furthermore, this data suggests that the 
presence of the [M — t-Boc]+ peaks found for most of the surfactants at the lowest 
surfactant concentration initially investigated (Table 8.1) are most likely due to peptide 
interactions with the organic solvent as opposed to peptide interactions with the 
surfactant.
To determine if  the surfactant still promotes the solubilization o f the hydrophobic 
peptide in completely aqueous solutions, a peptide/SDS/matrix solution was prepared in 
the same manner as for the surfactants screened previously, with the exception of
preparing the DHB solely in water. The [M+Na]+ peak is readily obtained from this 
sample mixture as shown in Figure 8.2d. Furthermore, addition o f the surfactant and 
removal of the ethanol eliminates the production o f the [M — t-Boc]+ peaks seen in 
Figure 8.2c. One possible explanation for these results is that the hydrophobic peptide, 
when solubilized in an ethanol containing solution, is affected by the acidic pH o f the 
solution due to the acidic matrix used in these investigations. However, when the 
surfactant is used at a  concentration exceeding the CMC in a  completely aqueous 
solution, the surfactant serves to solubilize the hydrophobic peptide, presumably through
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micelle formation, reducing the interaction of the peptide with the acidic solution (vide 
infra). As seen from the data in Table 8.1, even when the surfactant concentration meets 
or exceeds the CMC, loss o f the acid-labile protecting group was seen for solutions 
containing ethanol.
A clear difference was seen in the mass spectral results during the analysis o f the 
hydrophobic peptide with various concentrations o f SDS. Low abundance [M+Na]+ 
peaks are observed when the 1.7% surfactant solution (corresponding to half the CMC) 
was used (Figure 8.3a). When the surfactant concentration was increased to 3.3%
(corresponding to the CMC o f  SDS) or greater, [M+Na]+ peaks are readily obtained 
(Figures 8.3b,c). In fact, more reproducible results are found when the surfactant 
concentration was 6.6% as compared to the solution at 3.3%. Furthermore, more 
abundant [M+Na]+ peaks are observed at 6.6% SDS and the sample homogeneity was 
improved as manifested in the ability to generate high quality mass spectral data from any 
location on the sample spot ("hot spots" were not present under these conditions).
To determine if there is an upper limit to the amount of SDS which can be added to 
the sample solution before it becomes detrimental to the generation of an [M+Na]+ ion 
for the hydrophobic peptide, we prepared our standard mixture using a 57% solution of 
SDS (corresponding to forty times the CMC). As seen in Figure 8.3d, the mass spectral 
results are similar to those seen when the 6.6% surfactant solution is utilized. Again, 
these results suggest that micelle formation may play a  significant role in the 
solubilization o f the hydrophobic peptide. The exact mechanism of the surfactant and 
peptides in regards to SA-MALDI-MS has yet to be determined. See Chapter 11,
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F igure 8.3. MALDI-TOF mass spectra o f  the hydrophobic peptide f-Boc-Glu-(0-Bzl)-Ala-Leu-Ala-OPa dissolved in a) a 
1.7% solution o f  SDS (corresponding to half the CMC o f SDS), b) a 3.3% solution o f  SDS (corresponding to the CMC o f SDS), 
c) a  6.6% solution o f  SDS (corresponding to twice the CMC o f SDS) and d) a 57% solution o f  SDS (corresponding to 40 
times the CMC o f  SDS). Abundant pseudomolecular ions are observed along with some loss o f  the N-terminus protecting 
group with the addition o f  SDS. Peaks indicated by an asterisk are peptide fragment ions.
Section 11.2.2 for further discussion. Furthermore, these results also confirm that SDS, 
in and of itself, is not detrimental to MALDI-MS.
8.3.3 Hydrophobic and Hydrophilic Peptide Mixtures
As stated in the introduction, one of the initial motivations for investigating the 
applicability of surfactants for improving MALDI-MS analysis o f  hydrophobic peptides 
was that it should permit us to maintain an aqueous environment suitable for the 
simultaneous analysis o f hydrophilic peptides. Several studies were performed to 
determine whether mixtures o f hydrophobic and hydrophilic peptides are amenable to 
this new approach.
Figures 8.4a,b demonstrate that SA-MALDI-MS not only is suitable for the analysis 
o f hydrophobic peptides, but that it also permits the simultaneous analysis of 
hydrophobic and hydrophilic peptides. Two solutions, each containing the model 
hydrophobic peptide and a hydrophilic peptide, bradykinin fragment 1-5, were prepared 
in water. Figure 8.4a shows the peptide mixture analyzed with an  aqueous solution of 
DHB without the addition of SDS. An abundant (M+H)+ peak for the hydrophilic
peptide, bradykinin fragment 1-5, is detected. However, no [M+Na]+ peak is detected 
for the hydrophobic peptide under these experimental conditions. In addition, there are 
no peaks corresponding to the loss of the acid-labile protecting group or corresponding to 
fragment ions from the hydrophobic peptide, supporting the hypothesis that the presence 
o f ethanol contributes to the loss of the acid-labile protecting group.
Figure 8.4b shows the mass spectral results from the same mixture prepared as in 
Figure 8.4a, but with the addition of a 6.2% solution o f SDS to the peptide mixture. 
Remarkably, molecular ion peaks for both the hydrophobic and hydrophilic peptides are
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Figure 8.4. MALDI-TOF mass spectra o f a) a peptide mixture o f f-Boc-Glu-(O-Bzl) 
-Ala-Leu-Ala-OPa and bradykinin fragment 1-5 prepared in water, and b) the same 
mixture prepared in a  6.2% solution o f SDS. Only the hydrophilic peptide, bradykinin 
fragment 1-5, is observed in the water solution alone. The addition of SDS generates 
abundant molecular and pseudomolecular ions for both the hydrophilic and hydrophobic 
peptides, respectively, without compromising the hydrophilic component.
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present in the mass spectrum using these sample preparation conditions. Figure 8.4b also 
illustrates that the hydrophilic peptide, bradykinin fragment 1-5, is not inhibited by 
presence o f the SDS. Some reduction in the relative abundance of the bradykinin 
fragment 1-5 molecular ion is found when analyzed with the SDS solutions. This 
reduction is most likely due to an increase in the Na+ concentration (contributed by 
SDS), which results in the additional formation of an [M+Na]+ peak at the expense o f the 
[M+H]+ peak.
One immediate benefit of being able to generate molecular ions from hydrophobic 
and hydrophilic peptides present in the same mixture is that calibration during 
hydrophobic peptide analysis is simplified. Typically, the use of an internal calibrant 
with hydrophobic peptides requires that another hydrophobic analyte, which is soluble in 
the sample solution, be used. We have noticed in our previous studies of protected 
hydrophobic peptides in Chapter 7 that the number of potential internal calibrants is 
limited when non-aqueous sample preparation conditions are utilized. As seen here, 
internal calibration can now be performed using hydrophilic peptides due to the aqueous 
sample preparation conditions.
8.3.4 Influence o f Sodium on the Mass Spectra of Hydrophilic Proteins in SDS
Solutions
The ability to generate high quality mass spectral results from mixtures o f 
hydrophobic and hydrophilic peptides when significant amounts of SDS are present 
initially conflict with prior work in this area (Jeannot, Zheng et al., 1999; Li, Dong et al., 
1999; Puchades, Westman et al., 1999). Surfactants that were shown to be tolerant 
toward MALDI analysis were o f the non-ionic type (Rosinke, Strupat et al., 1995; 
Bamidge, Dratz et al., 1997). However, it is worth noting that the previous investigations
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focused on the effects of relatively low concentrations o f SDS, such as those found 
during analysis o f  SDS-PAGE separated proteins and peptides. In this work, much 
higher concentrations of SDS are utilized. Furthermore, as the most effective 
concentrations o f  SDS are those which meet or exceed the CMC, and as the 
surfactant/peptide solution is combined and sonicated prior to addition o f the matrix, SDS 
could potentially be forming micelles which reduces its deleterious effects on the mass 
spectral results. Presumably at lower concentrations without prior mixing and sonication, 
micelle formation will not occur and the surfactant could adversely interact with the 
analyte. An alternative possibility, discussed in more detail below, is that the surfactant 
itself does not adversely affect the MALDI-MS results, but, rather, the presence of the 
sodium counterion associated with this surfactant leads to loss o f analyte signal.
Based on our success found in utilizing S A-MALDI-MS for analyzing mixtures of 
peptides having different hydrophobicities, we wondered whether some o f the previously 
reported negative effects o f SDS might be due to effects not directly attributable to the 
surfactant. The most likely explanation for reductions in sensitivity, mass resolution and 
mass accuracy is that the sodium in SDS, rather than the surfactant, adversely affects the 
quality o f the mass spectral results. To investigate this possibility, an aqueous solution of 
myoglobin and cytochrome c was prepared using sinapinic acid as the matrix with and 
without the addition o f a 3% solution of SDS (corresponding to twice the CMC).
Figure 8.5a is the mass spectrum obtained from the aqueous solution o f myoglobin 
and cytochrome c in sinapinic acid analyzed with no SDS present. As expected, 
abundant molecular ions from both proteins are readily detected. Figure 8.5b is the mass 
spectrum obtained from the same solution now prepared with a 3% solution of SDS. As
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Figure 8.5. MALDI-TOF mass spectra o f  a mixture of cytochrome c and 
myoglobin prepared in a) water, b) a solution o f SDS corresponding to twice the 
CMC and c) a solution o f  SDS corresponding to twice the CMC which was then 
desalted with ammonium-activated cation-exchange resin beads. The addition of 
SDS severely degrades signal intensity and resolution of the protein mixture. 
However, removal of the Na+, as opposed to the surfactant, results in mass spectral 
results which approximate those seen when no SDS is present.
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noted by other investigators previously (Jeannot, Zheng et al., 1999; Puchades, Westman 
et al., 1999), the mass spectrum is severely degraded with only a  weak signal 
corresponding to cytochrome c being observed. However, as seen in Figure 8.5c, i f  the 
same sample is desalted with ammonium-activated cation-exchange resin beads, both 
proteins are again detected at relative abundances approaching those seen without the 
addition of SDS. These results suggest that the presence o f  sodium, as opposed to SDS, 
per se, adversely affects the resulting mass spectral data. Furthermore, the use o f SA- 
MALDI-MS, with the addition o f cation-exchange resin beads to reduce the adverse
effects of the excess Na+, can be considered to be a powerful new approach to the 
analysis of peptide mixtures.
8.4 Conclusions
The addition o f  surfactants, such as SDS, allows one to characterize hydrophobic 
and hydrophilic peptides present in the same sample solution. Surfactant aided MALDI 
is demonstrated using the model hydrophobic peptide, t-Boc-Glu-(0-Bzl)-Ala-Leu-Ala- 
OPa. Analysis of several different surfactants determined that SDS at or above the CMC 
is the best surfactant for analysis of hydrophobic peptides. Further investigation o f  SDS 
established it is useful for simultaneous analysis o f hydrophobic and hydrophilic 
peptides. Proper adjustment o f the surfactant concentration is necessary for optimal 
results: too little surfactant does not allow for the solubilization o f the hydrophobic 
components; however too much surfactant can suppress the hydrophilic components.
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CHAPTER 9. PEPTIDE MASS FINGERPRINTS VIA TRYPTIC 
DIGESTION AND SURFACTANT-AIDED MATRIX ASSISTED 
LASER DESORPTION/IONIZATION MASS SPECTROMETRY
9.1 Introduction
Enzymatic digestion o f  proteins, (in-solution, in-gel or on-blot) followed by 
MALDI-MS o f the resulting peptide mixture leads to a peptide mass fingerprint (map), 
which is characteristic for the proteins present. The coverage obtainable from the mass 
spectral data depends on the amount o f  protein available, the sample preparation, the 
matrix solution conditions, and the intrinsic properties of the peptide (hydrophobicity, 
charged side chains, aromatic amino acids) (Krause, Wenschuh et al., 1999). Mass 
mapping coverage between 40% and 60% is typical. Using this procedure, an unknown 
isolated protein can be enzymatically digested by sequence specific proteases, such as 
trypsin, which hydrolyzes the peptide bonds at the carboxy terminus o f lysine and 
arginine residues to form tryptic peptides. The resulting mass map measured with 
MALDI-MS is compared with the calculated masses of all tryptic peptides that can 
theoretically be produced from sequences corresponding to all the proteins in the 
genomic database o f the organism under study (Jenson, Podtelejnikov et al., 1996; Qin, 
Fenyo et al., 1997). The protein yielding the best match between the theoretical and 
experimental mass values is identified. The mass map database search specificity 
depends on the mass coverage and mass accuracy obtained from the mass spectra (Qin, 
Fenyo et al., 1997). Peptides that have a  high degree of hydrophobicity will generate 
lower molecular ion abundances or be absent in the mass map, which can compromise 
the accuracy of the database search.
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Chapter 9 seeks to increase the mass map coverage o f enzymatically digested 
proteins by increasing signal from hydrophobic tryptic peptides using surfactant-aided 
matrix-assisted laser desorption/ionization mass spectrometry (SA-MALDI-MS). The 
proteins cytochrome c and myoglobin will be digested with trypsin and analyzed using 
standard procedures, using organic solvents and strong acids as discussed in Chapter 7, 
and surfactants as discussed in Chapter 8. Cytochrome c and myoglobin are considered 
to be hydrophilic proteins and were chosen to determine if  SA-MALDI is useful for 
hydrophilic samples or only for hydrophobic samples. Two surfactants, sodium 
dodecylsulfate (SDS) and octyl-P-glucoside (OG) will be investigated, at concentrations 
corresponding to half the critical micelle concentration (CMC), at the CMC and twice the 
CMC.
9.2 Experimental
9.2.1 T ryptic Digests
Sequence-grade modified trypsin was purchased from Promega (Madison, WI). The 
tryptic digests were performed following published procedures (Stone and Williams,
1996). A stock solution o f trypsin was prepared at a concentration of 0.1 mg/mL in 50 
mM acetic acid. Cytochrome C and myoglobin were prepared as 0.1 mM stock solutions 
in water and 10 pL o f the stock solution were aliquoted into 0.5 mL sample tubes. 
Digestion was carried out in the digestion buffer composed o f 2 M urea and 0.1 M 
NH4HCO3 at a 1:25 enzyme:protein mole ratio. The digestion mixture was incubated in a 
37 °C water bath for 15 hours (overnight). Acidifying the mixture to pH 6 with 3% 
trifluoroacetic acid stopped the reaction.
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9.2.2 Materials
The matrix a-cyano-4-hydroxycinnamic acid (HCCA) was used exclusively for these 
experiments and was purchased from Fisher Scientific (Fair Lawn, NJ). Bradykinin 
fragment 1-5, angiotensin, cytochrome c, myoglobin, urea, ammonium bicarbonate, 
sodium dodecylsulfate, and octyl-(3-glucoside were obtained from Sigma (Milwaukee, 
WI) and were used without further purification. HPLC-grade acetonitrile, formic acid, 
chloroform and nanopure water (>18 MQ) were used in all experiments. Trifluoroacetic 
acid (TFA) was purchased from Fisher Scientific (Fair Lawn, NJ).
9.2.3 MALDI Sample Solutions
After digestion o f equine myoglobin and equine cytochrome C with trypsin, 10 pL o f  
the digestion products were aliquoted into 0.5 mL sample tubes and lyophilized. The 
individual aliquots were prepared by solubilizing the sample in 20 pL o f a) 0.1% TFA, 
representing standard procedures for mass spectral analysis of proteins and peptides, b) a 
2:1 chloroform:methanol solution as described in Chapter 7, c) a 7:3 v/v o f formic 
acid:hexafluoroisopropanol solution as described in Chapter 7 and referred to as the 
Schey method, and d) the surfactants SDS or OG at various concentrations corresponding 
to half the CMC, at the CMC and twice the CMC. The CMC value for SDS is 8.3 mM 
and for OG is 25 mM. The % surfactant concentrations reported here were calculated 
based on the mole ratio o f surfactant in the matrix solution (mols surfactant/(mols 
surfactant + mols matrix)).
The matrix, a-cyano-4-hydroxycinnamic acid (HCCA) was made as a  saturated 
solution in 60% ACN in 0.1% TFA for analysis o f  samples prepared by a) and d). HCCA 
was prepared in 2:1 chloroformrmethanol for samples prepared by method b), and in 70%
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formic acid for sample prepared by method c). The matrix solution was sonicated for ~ 5 
minutes to assist solubilization in water. 1 pL o f the sample was mixed with 2 |iL of the 
appropriate matrix solution, vortexed, and 0.5 \xL o f this mixture was spotted onto the 
MALDI sample plate and allowed to air-dry. SDS prepared sample spots that were 
subsequently washed were allowed to air-dry. To wash the SDS sample spots, a drop o f  
fresh nanopure water (> 18 MQ) was spotted on top o f the crystallized sample. Because 
HCCA is insoluble in water, the matrix and the imbedded analyte will remain 
crystallized, while residual salt from the SDS and other sources will dissolve in the water 
droplet. After a few seconds, the water droplet was removed with a micropipettor and 
discarded (Beavis and Chait, 1990).
9.2.4 Mass Spectrometry
All experiments were performed using a PerSeptive Biosystems Inc. (Framingham, 
MA) Voyager linear MALDI-TOF instrument with an N2 laser in positive-ion mode.
Each mass spectrum is an average o f at least 32 scans. A 19-point smooth was calculated 
on all spectra acquired. For all experiments, the accelerating voltage was held at 28 kV, 
and laser power was set to the minimum level necessary to generate a reasonable signal 
(threshold). A two-point calibration using bradykinin fragment 1-5 and insulin was used 
for all analyses.
9.3 Results and Discussions
9.3.1 Mass Spectral Sample Preparation Methods and MALDI Analysis of 
Myoglobin Digestion Products
93.1.1 Standard MALDI Sample Preparation for Hydrophilic Peptides
Figure 9.1 is the amino acid sequence of equine myoglobin. Amino acid residues 
indicated in red have hydrophobic side chains (R = hydrocarbons). 41% o f the amino
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1 11 21 31 41
GLSDGEWQQV LNVWGKVEADIAGHGQEVLIRLFTGHPETL E&FD&F&HL&
51 61 71 81 91
TEAEMKASED LKKHGTWLT ALGGILKKKG HHEAELKPLA QSHATKH&IP
101 111 121 131 141 151
IKYLEFISDAIIHVLHSKHP GDFGADAQGA MTKALELFRN DIAA&YKELG FQG
Figure 9.1. Amino acid sequence of myoglobin using single letter abbreviations. Amino acid residues indicated 
in red have hydrophobic side chains. Hydrophobic amino acids make up 41% of the overall amino acid sequence. 
Underlined residues indicate a possible cleavage site in a tryptic digestion.
acid composition is hydrophobic. It also interesting to note the hydrophobic residues are 
not widely dispersed within the sequence. There are pockets of high hydrophobicity in 
the sequence regions o f 21 -31,65- 76 and 121-131 which might be difficult to analyze 
with standard MALDI sample preparations (underlined residues are potential sites of 
cleavage by trypsin).
Figure 9.2 is the mass spectrum of the trypsin digestion products for myoglobin 
prepared in 0.1% TFA and analyzed with saturated HCCA in 60% ACN, 0.1% TFA 
(Mortz, Vorm et al., 1994; Qin, Fenyo et al., 1997). 8 peaks are observed that correspond 
to a mass predicted from the digestion of myoglobin with trypsin. Figure 9.2 will serve 
as the standard to which all other sample preparation techniques for the digestion 
products of myoglobin will be compared.
9.3.1.2 MALDI Sample Preparation for Hydrophobic Peptides
Mass spectral analysis of hydrophobic peptides has been reported using strong 
acids to facilitate solubility (Feick and Shiozawa, 1990; Schey, Papac e t al., 1992; 
Schindler, Van Doresselaer et al., 1993; Schey, 1996; Schaller, Pellascio et al., 1997;
Ball, Oatis et al., 1998; Whitelegge, Gunderson et al., 1998). The method developed by 
Schey and discussed in Chapter 7 was applied to the trypsin digestion products of 
myoglobin to determine if this method was applicable for MALDI analysis of a peptide 
mixture with mixed hydrophobicities (not all peptides exclusively hydrophobic). Figure 
9.3a is the mass spectrum o f the trypsin digestion products for myoglobin prepared in a 
7:3 v/v solution o f  formic acid:hexafluoroisopropanol and analyzed with HCCA in 70% 
formic acid. No peaks are observed indicating that methods utilizing strong acids are
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Figure 9.2. Trypsin digestion products o f myoglobin prepared in 
0.1 % TFA and analyzed with saturated HCCA in 60% ACN in 0.1% TFA. 
8 peaks corresponding to a mass match from a theoretical tryptic digest 
o f myoglobin are observed.
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Figure 9.3. Trypsin digestion products o f myoglobin prepared in a) a 7:3 
formic acid:hexafluoroisopropanol solution and analyzed with saturated HCCA 
in 70% formic acid and b) a 2:1 chloroform:methanol and analyzed with saturated 
HCCA in 2:1 chloroform:methanol. No distinguishable peaks are observed 
with either sample preparation method.
146
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
specific for hydrophobic proteins/peptides and not suitable for peptide mixtures o f 
varying hydrophobicities.
Chapter 7 also demonstrated the use o f organic solvents for analysis of
hydrophobic peptides. Figure 9.3b is the mass spectrum o f the trypsin digestion products
for myoglobin prepared in 2:1 chloroformrmethanol solution and analyzed with saturated
HCCA in 2:1 chloroform:methanol solution. No peaks are observed indicating that
methods utilizing organic solvents are specific for hydrophobic proteins/peptides and are
also not suitable for peptide mixtures o f  varying hydrophobicities.
9.3.1.3 Surfactant-Aided Sample Preparation for Hydrophilic and Hydrophobic 
Peptides
Chapter 8 described the development o f  surfactant-aided MALDI for hydrophobic 
and hydrophillic peptides. The use o f octyl-P-glucoside was previously used to aid in 
solubilization o f hydrophobic tryptic peptides for HPLC and mass spectral analysis 
(Bamidge, Dratz et al., 1997). This section will compare two surfactants, SDS and octyl- 
P-glucoside to determine if the surfactants can increase the mass coverage of a peptide 
mixture with mixed hydrophobicities, and to determine if  there is a difference in the 
effectiveness between the two types o f surfactants.
Figure 9.4 is the mass spectra of the trypsin digestion products for myoglobin 
prepared in a) 10% OG (corresponding to half the CMC), b) 20% OG (corresponding to 
at the CMC and c) 40% OG (corresponding to twice the CMC). At 10% OG (Figure 
9.4a), no appreciable difference is observed in comparison to standard sample 
preparations (Figure 9.2). 20% OG (Figure 9.4b) does give rise to a new peak (peak 9) 
not observed in standard sample preparation. 40% OG (Figure 9.4 b) causes degradation 
of the mass spectra and no new peaks are observed.
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Figure 9.4. Trypsin digestion products o f myoglobin prepared in 
a) 10% OG, b) 20% OG, c) 40% OG and analyzed with saturated HCCA in 
60% ACN in 0.1% TFA. The greatest mass coverage is observed for 20% 
OG corresponding to at the CMC. However, only 7 peaks match with 
theoretical masses of possible digestion products.
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SDS can cause significant degradation o f a mass spectra as demonstrated in 
Figure 8.5 and by other studies (Vorm, Chait et al., 1993; Ogorzalek Loo, Dales et al., 
1994; Vestling and Fenselau, 1994; Ogorzalek Loo, Dales et al., 1996; Jeannot, Zheng et 
al., 1999; Puchades, Westman etal., 1999). Therefore a  delicate balance between 
surfactant concentration necessary to solubilize the hydrophobic peptides and mass 
spectral degradation is required. Chapter 8 demonstrated that it is probably the sodium in 
SDS that causes spectral degradation and not the surfactant itself. A fast and efficient 
way to remove the sodium from the sample preparation is desirable. A drop o f water 
placed on the crystallized sample spot will solubilize the salts present and can be 
removed by blowing away with high pressure air or by removing the water with a 
pipettor, providing the matrix is water insoluble. If  the matrixranalyte ratio is high, the 
majority o f analyte will remain embedded in the matrix instead o f being washed away. 
Figure 9.5 is the mass spectrum of the trypsin digestion products for myoglobin prepared 
in a) 3.3% SDS (corresponding to at the CMC) and b) 3.3% SDS with the sample spot 
washed prior to MALDI analysis.
The quality o f  the mass spectra generated with SDS and no wash or prior desalting of 
the sample is remarkably good (Figure 9.5a). While ion abundances are high, salt 
adduction does occur. In the case o f peak 10, it is not clear if  it is a salt adduct or a 
digestion product peak. Washing the sample spot with water improves the quality of the 
mass spectrum (Figure 9.5b) and clarifies that peak 10 is indeed a digestion product.
Also, most importantly, 12 peaks are observed with SDS giving the largest coverage of 
all the sample preparation methods analyzed for myoglobin.
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Figure 9.5. Trypsin digestion products o f  myoglobin prepared in 3.3% SDS, 
analyzed with saturated HCCA in 60% ACN in 0.1% TFA and a) spotted 
with no wash or desalting of the sample, and b) spotted, dried and washed with 
nanopure water. The mass range from 1800 - 2200 is expanded to show the 
reduction in sodium ions in the peaks within this mass area.
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Figure 9.6 is the mass spectra o f the trypsin digestion products for myoglobin 
prepared in a) in 1.7% (corresponding to half the CMC), b) and 6.6% (corresponding to 
twice the CMC) o f SDS after the sample spot was washed with nanopure water. While 
11 peaks are observed with SDS at half the CMC concentration (Figure 9.6a), the mass 
spectra corresponding to at, or twice, the CMC o f SDS produce the largest mass coverage 
and larger ion abundances o f the digestion products.
Table 9.1 shows a subset o f  the expected peptide fragments calculated m/z values and
observed m/z values from a tryptic digest of myoglobin comparing samples prepared with
no surfactant (0.1% TFA) and samples prepared in twice the CMC o f SDS.
Table 9.1. Tryptic digest map o f myoglobin summarizing expected m/z values and 
observed m/z values from the mass spectra shown in Figures 9.2 (no surfactant present) 
and 9.6b (6.6% SDS and washed with water) with their corresponding sequence 










KKGHHEAELKPLAQSHATK 12 2111.4 2112.9
KGHHEAELKPLAQSHATK 11 1983.2 1987.6 1984.5
YLEFISDAIIHVLHSK 10 1886.2 1890.2 1883.2
GHHEAELKPLAQSHATK 9 1855.1 — 1852.8
GLSDGEWQQVLNVWGK 8 1817.0 1818.1 1813.8
LFTGHPETLEKFDK 7 1662.9 - 1666.2
VEADIAGHGQEVLIR 6 1607.8 1613.0 1606.5
HPGDFGADAQGAMTK 5 1503.6 1506.9 1504.1
HGTW LTALGGILK 4 1379.7 1381.2 1379.6
LFTGHPETLEK 3 1272.4 1273.6 1272.3
ALELFR 2 748.9 751.89 749.5
HKIPIK 1 736.0 — 734.2
Spot washing with nanopure water for samples containing SDS also appears to 
improve the resolution and mass accuracy of a number o f the tryptic peptides, and serves 
to moderate the large differences in ionization efficiency seen in Figure 9.6b in
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Figure 9.6. Trypsin digestion products o f myoglobin prepared in a) 1.7% SDS, 
and b) 6.6% SDS both spotted, dried and washed with nanopure water analyzed 
with saturated HCCA in 60% ACN in 0.1% T FA .
152
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
comparison to Figure 9.2. These initial results suggest that peptide mapping performed 
in the presence o f significant concentrations o f SDS should yield more mass spectral 
information, thereby improving protein identification.
9.3.2 Mass Spectral Sample Preparation Methods and MALDI Analysis of 
Cytochrome c Digestion Products
To determine if  surfactant-aided MALDI was useful on other proteins, the same 
experiments as in Section 9.3.1 were repeated with equine cytochrome c. Figure 9.7 is 
the amino acid sequence o f  equine cytochrome c. Amino acid residues indicated in red 
have hydrophobic side chains (R = hydrocarbons). 32% o f the amino acid composition is 
hydrophobic.
Figure 9.8 is the mass spectrum o f the trypsin digestion products for cytochrome c 
prepared in 0.1% TFA and analyzed with saturated HCCA in 60% ACN, 0.1% TFA 
(Mortz, Vorm et al., 1994; Qin, Fenyo et al., 1997). 5 peaks are observed that correspond 
to predicted mass values from the digestion o f  cytochrome c with trypsin. Figure 9.8 will 
serve as the standard to which all other sample preparation techniques for the digestion 
products of cytochrome c will be compared. Sample preparation using the Schey and 
organic solvent methods (Section 9.3.2.2) gave the same results as with myoglobin; no 
peaks were observed, supporting the statement that this sample preparation method is 
specific for hydrophobic peptides.
Figure 9.9 are the mass spectra of the trypsin digestion products for cytochrome c 
prepared in a) 10% OG (corresponding to half the CMC), b) 20% OG (corresponding to 
the CMC) and c) 40% OG (corresponding to twice the CMC). At 10% and 20% OG 
(Figures 9.9a and b), no appreciable difference is observed in comparison to standard
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1 11 21 31 41
GDVE£GK£IF VQKCAQCHTV EjCGGKHlCTGP NLHGLFG££T GQAPGFTYTD
51 61 71 81 91
ANKNKGITWg EETLMEYLEN PffiYIPGT^M IFAGIKKKTE fiEDLIAYLffi
101
ATNE
Figure 9.7. Amino acid sequence of cytochrome c using single letter abbreviations. Amino acid residues indicated 
in red have hydrophobic side chains. Hydrophobic amino acids make up 32% of the overall amino acid sequence. 











Figure 9.8. Trypsin digestion products of cytochrome c prepared in 
0.1 % TFA and analyzed with saturated HCCA in 60% CAN, 0.1% TFA. 
5 peaks corresponding to a mass match from a theoretical tryptic digest 
of cytochrome c are observed.
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Figure 9.9. Trypsin digestion products o f  cytochrome c prepared in 
a) 10% OG, b) 20% OG, and c) 40% OG analyzed with saturated HCCA in 
60% ACN in 0.1% TFA. The greatest mass coverage is observed for 40% 
OG (corresponding to twice the CMC). However, only 5 peaks match with 
theoretical masses o f possible digestion products.
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sample preparations (Figure 9.8). 40% OG (Figure 9.9b) causes some degradation o f the 
mass spectra, however 2 new peaks are observed (peaks 1 and 2).
Washing the sample spot with nanopure water made a greater difference in the quality 
o f the mass spectrum with cytochrome c than with myoglobin, as shown in Figure 9.10. 
Figure 9.10 is the trypsin digestion products for cytochrome c prepared in a) 3.3% SDS 
(corresponding to the CMC) and b) 3.3% SDS with the sample spot washed prior to 
MALDI analysis. Fifteen peaks are matched to the theoretical masses o f  a tryptic digest 
o f cytochrome c, which is more than twice the number of peaks that are observed using 
OG or standard sample preparation.
Table 9.2 shows a subset of the expected peptide fragments, calculated m /z values and 
observed m/z values from a tryptic digest o f  cytochrome c comparing samples prepared 
with no surfactant (0.1% TFA) and samples prepared in twice the CMC o f SDS. The 
peptide mass map coverage of cytochrome c with SDS added is substantially larger in 
comparison to mass spectra obtained without surfactant or prepared in OG. Sixteen 
peaks are observed with SDS at or above the CMC in comparison to 5 peaks with no 
surfactant and 5 peaks with OG.
9.3.3 Analysis o f the Hydrophobicities o f Myoglobin and Cytochrome c Tryptic 
Peptides.
An amino acid scale is defined by a numerical value assigned to each type o f amino 
acid. The hydrophobicities o f amino acid residues in a protein or peptide are scaled 
deriving from the physicochemical properties o f  amino acid side chains shown in Table
9.3 (Kyte and Doolittle, 1982).
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Table 9.2. Tryptic digest map o f cytochrome c summarizing expected m/z values and 
observed m/z values from the mass spectra shown in Figures 9.8 (no surfactant present) 
and 9.10b (3.3% SDS and washed with water) with their corresponding sequence 










GITWKEETLMEYLENPKK 16 2210.6 2206.7 2206.9
GITWKEETLMEYLENPK 15 2082.4 2079.1 2079.3
IFVQKCAQCHTVEK 14 1635.0 1631.5 1632.4
KTGQ APGFTYTD ANK 13 1599.7 — 1599.7
EETLMEYLENPK 12 1496.7 — 1491.2
TGQ APGFTYTD ANK 11 1471.6 1474.7 1468.2
T GPNLHGLFGR 10 1169.3 1167.5 1168.5
KYIPGTK 9 807.0 — 807.4
MIFAGIK 8 780.0 — 782.1
GDVEKGK 7 732.8 — 732.8
YIPGTK 6 678.8 — 676.2
KKTER 5 661.8 — 661.2
IFVQK 4 634.8 — 633.7
GITWK 3 604.7 — 1272.3
GDVEK 2 547.6 — 550.5
GGKHK 1 526.6 — 525.3
Table 9.3. Hydrophobicity scale values o f the individual amino acids assigned by Kyte 









Ala 1.8 Leu 3.8
Arg -4.5 Lys -3.9
Asn -3.5 Met 1.9
Asp -3.5 Phe 2.8
Cys 2.5 Pro -1.6
Gin -3.5 Ser -.8
Glu -3.5 Thr -.7
Gly -0.4 Trp -0.9
His -3.2 Tyr -1.3
He 4.5 Val 4.2
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Figure 9.10. Trypsin digestion products o f cytochrome c prepared in 3.3% SDS, 
analyzed with saturated HCCA in 60% ACN in 0.1% TFA and a) spotted 
with no wash or desalting of the sample and b) spotted, dried and washed with 
nanopure water. The mass range 500-900 is expanded to label the peaks.
159
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 9.11 shows the hydrophobicity scale o f myoglobin vs. amino acid position. 
The more positive the value, the greater the hydrophobicity. All peptides that have 
positive hydrophobicity index (> 0), except peaks 9 and 12, are observed only with 
surfactant (at or above the CMC of SDS) or have increased relative abundance when 
surfactant is added. For example, peak 11 is observed with and without surfactant, and 
according to the hydrophobicity index, has a slightly hydrophilic nature. Similarly, peak 
1 is only observed with surfactant (at or above the CMC of SDS) and according to the 
hydrophobicity index, has a hydrophobic nature.
However, the hydrophobicity index cannot explain every peak. Inconsistency 
between hydrophobicity and peak observance occurs with the peptides 6, 9, 10 and 12. 
Peak 6 in Figure 9.2 (myoglobin digestion peptides prepared in 0.1% TFA) has the 
largest ion abundance in the spectrum; however, this peptide is relatively hydrophobic. It 
has been found that tryptic peptides having an arginine at the C-terminus dominate the 
MALDI mass spectrum (Olumee, Sadeghi et al., 1995; Zhu, Lee et al., 1995; Krause, 
Wenschuh et al., 1999). Peak 6 does indeed have an arginine at the c-terminus. It is 
Likely that peak 6 is the largest peak in the mass spectra based on the arginine at the C- 
terminus and not the hydrophobicity of the peptide. Peak 10 is also very abundant in 
Figure 9.2. However, this peptide has a high hydrophobicity according to Figure 9.11 
and does not have a C-terminus arginine.
The hydrophobicity o f cytochrome c is examined in Figure 9.12. Peaks 4,6 , 8 and 9 
are hydrophobic peptides according to the hydrophobicity scale and are only observed 
with the addition o f surfactant (at or above the CMC of SDS). However, peaks
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Tryptic Fragment Amino Observed Observed
Label Acid Without With
Position Surfactant Surfactant
12 7 8 -9 6 - +
11 7 9 -9 6 + +
10 103-118 + +
9 8 0 -9 6 — +
8 1 -1 6 + +
7 3 2 -4 5 - +
6 17-31 + +
5 119-133 + +
4 6 4 -7 7 +/— +
3 3 2 -4 2 + /- +
2 134-139 +/- +
1 9 7 -1 0 2 — +
20 40 60 80 
Position
100 120 140
Figure 9.11. Hydrophobicity scale vs amino acid position of myoglobin based on the Kyte and Doolittle index. 
The table correlates the amino acid position and the peaks observed to determine the peptide's 
hydrophobicity (> 0). (+) indicates an intense peak is observed, (+/-) indicates a peak with low abundance is 























Tryptic Fragment Amino Observed Observed
Label Acid Without With
Position Surfactant Surfactant
16 56 73 + +
15 56 72 + +
14 9 22 + +
13 39 53 +
12 61 72 +
11 40 53 + +
10 28 38 + +
9 73 79 - +
8 80 86 - +
7 1 7 +
6 74 79 - +
5 87 91 - +
4 9 13 _ +
3 56 60 - +
2 1 5 - +
1 23 27 - +
Figure 9.12. Hydrophobicity scale vs amino acid position of cytochrome c based on the Kyte and Doolittle index. 
The table correlates the amino acid position and the peaks observed to determine the peptide’s 
hydrophobicity (> 0). (+) indicates an intense peak is observed, and (-) indicates no signal is detected.
1,2, 3, 5, 7, 12 and 13 are not hydrophobic peptides, yet are only observed with the 
addition o f surfactant. The overall charge (assuming neutral pH) o f the amino acid may 
also be important for ion detection. Peak 12 which has one basic site and 4 acidic sites 
for an overall charge o f —3, is only observed with the presence o f surfactant. Similarly, 
peaks 7 and 11 have a net charge o f zero, and are only observed, or increase in ion 
abundance, with the presence o f SDS. Peak 15 has a net charge of -2 and is observed 
with and without SDS. The mechanism of surfactant-aided MALDI-MS is not clear 
from these data. Possible experiments to address the role o f the surfactant and the 
importance to the CMC on the experimental results will be discussed in Chapter 11, 
Section 11.2.
9.4 Conclusions
Tryptic digests were performed on myoglobin and cytochrome c and analyzed in 
0.1% TFA, acidic solutions, organic solvents, and with two surfactants at different 
concentrations related to the CMC. Octyl-P-glucoside, a non-ionic surfactant, and 
sodium dodecylsulfate, an ionic surfactant, were chosen based on results from Chapter 8 
and work cited in the literature. The mass coverage, monitored by MALDI-MS, 
increased by 4 peaks for myoglobin and 11 peaks, for cytochrome c when SDS, at or 
above the CMC, was used to prepare the sample, in comparison to sample preparation in 
0.1% TFA. Washing the sample spot before analysis was determined to be critical in 
MALDI analysis o f samples prepared in the presence o f SDS. The mass coverage for 
samples prepared in OG at or above the CMC only increased by 1 or 2 peaks.
A MALDI mass spectrum o f tryptic digestion products depends on many factors: 
relative concentrations o f the digestion products, the digestion coverage itself, the
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hydrophobicity, overall charge o f  the peptide and the order of amino acid composition in 
the digestion product. Surfactant aided MALDI shows promising results in increasing 
the map coverage in the mass spectrum; however the mechanism by which the surfactant 
interacts with the peptides is not yet understood.
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CHAPTER 10. SURFACTANT-AIDED MATRIX-ASSISTED LASER 
DESORPTION/IONIZATION FOR THE ANALYSIS OF TRYPTIC 
DIGESTION PRODUCTS OF CP 43 AND CP 47 POLYPEPTIDES 
ISOLATED FROM PHOTOSYSTEM H COMPLEX
10.1 Introduction
The proteome is defined as the full compliment of proteins in a cell, representing the 
products of genomic expression including the influence of post-transaltional 
modifications (Burlingame, Boyd et al., 1998). One or two-dimensional (ID or 2D) gel 
electrophoresis is most commonly used to isolate or assay biological proteins 
(Shevchenko, Wilm et al., 1996). A typical proteomics experiment includes the 
following: separation of proteins constituents, typically by ID or 2D polyacrylamide gel 
electrophoresis (PAGE), enzymatic digestions of isolated fractions, cleavage product 
identification by mass spectral analysis, and search of protein database to recognize 
known proteins expected to give a similar hydrolytic map (Burlingame, Boyd et al.,
1998). The use of mass spectrometry in the field o f peptide mass mapping is now an 
extremely popular method for characterizing a variety of proteins separated using ID or 
2D (PAGE) (Rosenfeld, Capdevielle et al., 1992; Mortz, Vorm et al., 1994; Shevchenko, 
Jensen et al., 1996; Shevchenko, Wilm et al., 1996; Wilm, Shevchenko et al., 1996; 
Jungblut and Thiede, 1997; Femadez, Gharahdagi et al., 1998; Jeannot, Zheng et al.,
1999). However, the standard MALDI-MS approaches to characterizing enzymatic
digests generated in these experiments are limited to predominantly hydrophilic peptides.
A protein has a specific tryptic mass map according to the sequence, which is unique to
the protein. An unknown can be positively identified from a mass map measured with
MALDI-MS that is compared to the calculated mass of the tryptic peptides. The greater
the mass coverage observed in a mass spectrum of the digestion products, the more likely
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the true protein can be identified from the mass map (Qin, Fenyo et al., 1997). By 
detecting both hydrophobic and hydrophilic peptides during a  single MALDI-MS 
analysis of a tryptic digest, the possibilities of a successful protein match could 
potentially increase. SDS in surfactant-aided matrix-assisted laser desorption/ionization 
mass spectrometry (S A-MALDI-MS) was found to be extremely beneficial in increasing 
the mass coverage of a protein digest in Chapter 9. Application o f this method, in 
combination with gel electrophoresis, may improve the characterization of both 
hydrophilic and hydrophobic proteins.
Mass spectral analysis o f membrane proteins is significantly more difficult than 
for water-soluble proteins and hydrophilic peptides due to their hydrophobic nature 
(Bamidge, Dratz et al., 1997). Current limitations to mass spectral analysis of 
hydrophobic membrane proteins have prevented the widespread application of this 
method for examination o f protein function and structure, as observed for water-soluble 
or hydrophilic proteins (Rosinke, Strupat et al., 1995; Bamidge, Dratz et al., 1997; 
Whitelegge, Gunderson et al., 1998; Bamidge, Dratz et al., 1999). Surfactants are often 
used for solubilization, extraction and to limit aggregation o f  hydrophobic proteins 
(Rosinke, Strupat et al., 1995; Bamidge, Dratz et al., 1997: Bamidge, 1999 #254). The 
current scientific methodology typically involves removal o f SDS, commonly used for 
solubilization of membrane proteins and PAGE, prior to mass spectral analysis because 
of degradation (sometimes severe) of the mass spectrum (Vorm, Chait et al., 1993; 
Ogorzalek Loo, Dales et al., 1994; Rosinke, Strupat et al., 1995; Ogorzalek Loo, Dales et 
al., 1996; Li, Dong et al., 1999; Puchades, Westman et al., 1999). In Chapter 8, the 
addition of SDS to tryptic digestion products was shown to be very effective at increasing
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the mass coverage observed in the mass spectrum provided proper sample preparation 
was performed. Chapter 10 seeks to extend the utility o f SA-MALDI to hydrophobic 
membrane proteins separated by PAGE. Instead o f  removing the SDS from the sample 
after PAGE, SDS will be added relative to the CMC with the expectation o f  developing a 
more reliable and widely applicable method for MADLI analysis o f hydrophobic 
membrane proteins.
Photosystem II (PS II) from Spinach is a multisubunit thylakoid membrane 
protein complex (Frankel and Bricker, 1995). CP 47 and CP 43 are intrinsic (inside the 
membrane) polypeptides within the PS II complex. Figure 10.1 shows the 
hydrophobicity index vs. amino acid position for a) CP 47 and b) CP 43. Hydrophobic 
residues dominate these two polypeptides, as can be seen by the high number o f amino 
acid residues with a hydrophobicity > 0. Because o f the hydrophobic nature o f  these 
polypeptides, they were chosen to investigate combining SA-MALDI with SDS-PAGE. 
Chapter 10 describes the separation o f CP 47 and CP 43 from the PS II protein complex 
with SDS-PAGE. The gel is visualized by copper staining, and the polypeptides 
corresponding to CP 43 and CP 47 are in-gel digested, extracted and analyzed with SA- 
MALDI. Results o f SA-MALDI are compared to samples prepared in 0.1% TFA 
solutions and formic acid solutions. Zip Tip® pipette tip purification o f extracted peptides 
is also investigated. A ZipTip® pipette tip contains 0.55 pi of Cig resin (15 pm, 200A 
spherical silica) fixed in a pipette tip to perform sample purification. The sample is 
aspirated and dispensed through the ZipTip® to bind, wash and elute. Recovered 
protein(s) are contaminant-free and concentrated.
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Figure 10.1. Hydrophobicity index o f CP 47 and CP 43 vs. amino acid position.
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10.2 Experimental 
10.2.1 Materials
Ammonium persulfate and glycine were obtained from Gibco (Grand Island, NY). 
Acrylamide bis-acrylamide, Tris-HCl, EDTA, TEMED, Tris, (5-mercaptoethanol and 
bromophenol blue were obtained from Amresco (Solon, OH). Sucrose was obtained 
from Fisher (Fair Lawn, NJ). Sodium dodecylsulfate (SDS) and octyl-p-glucoside (OG) 
were purchased from Aldrich (Milwaukee, WI). Copper stain and destain kits were 
purchased from BioRad (Hercules, CA). Photosystem II protein complex was a gift from 
Professor Bricker’s laboratory. Zip Tips® were purchased from Millipore (Bedford, MA).
10.2.2 SDS-PAGE
Electrophoresis was carried out on a 1mm vertical polyacrylamide gel consisting 
of a 5% stacking gel and a 15% resolving gel prepared by standard methods (Walker, 
1996). The running buffer was a  0.1 % SDS in a 50 mM Tris-glycine buffer. PS II was 
prepared in a 2% SDS, 5% bromophenol blue, 6% sucrose solution and 10 pg was loaded 
onto the gel. The gel was typically run for 20 watt hours. The gel was stained by 
soaking in water for 30 seconds then rocked in 1:10 diluted copper stain stock solution 
for 5 minutes. The gel was washed in water and stored in water at 4°C.
The copper stained gel was scanned directly on a computer flatbed scanner.
Copper stained gels are a reverse-type stain; the bands appear opaque against a faint blue 
background. Copper stained gels are viewed against a shiny black background so the 
opaque bands can be visualized. Copper stain gels are very difficult to photograph 
because of their opaqueness. However, scanning directly into a computer was found to
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be extremely effective; no special background was required because the background o f a 
scanner is black.
10.2.3 In-Gel Digestion
Three protein bands were cut out with a  clean razor blade and placed in a  1 mL 
sample tube. A section of the gel with no protein bands visible was also processed to 
provide a blank. 0.4 mL o f a 1:10 dilution of copper destain stock solution (Bio-Rad, 
Hercules, CA) was added to the cover the gel pieces and vortexed for five minutes. The 
liquid was discarded and the wash was repeated for 2 - 5 minutes. After the final 
destaining wash, the gel pieces appear clear or very faint blue. Water was added, the 
sample was vortexed for one minute and the liquid was discarded. A digestion buffer 
(0.1 M Tris-HCl, pH 8.0/0.1% Tween 20) was added for the final wash of the gel pieces. 
The trypsin solution was prepared as follows: 5 pL o f 0.1 mg/mL enzyme stock solution 
and 10 pL of digestion buffer was added for every 15 mm3 piece of gel. The gel pieces 
were macerated. I f  the digestion solution did not completely cover the gel slurry, 
digestion buffer was added until the gel slurry was covered. Digestion was performed in 
a 37°C water bath overnight. After digestion, the gel pieces were sonicated for 3 
minutes. The liquid was removed, taking care not to inadvertently transfer gel pieces, 
and placed in a clean sample tube. 100 pL of 60% ACN/0.1% TFA was added to the gel 
pieces and sonicated for 5 minutes. This solution was pooled with the first extract. 
Finally, 50 pL o f  100% ACN was added to the gel pieces and sonicated for 5 minutes. 
The liquid was pooled with the first two extracts and lyophilized.
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10.2.4 Sample Preparations
2,5-Dihydroxybenzoic acid prepared in 60% ACN/0.1% TFA was used as the 
matrix for all mass spectra acquired. Digestion products were prepared in 0.1% TFA, 
twice the CMC o f SDS, twice the CMC of OG or 7:3 (v/v) formic 
acid:hexafluoroisopropanol. Zip Tips® were conditioned with 50% ACN and 
equilibrated with 0.1% TFA. 5-10 pL o f the sample to be purified was loaded on the C- 
18 packing material by drawing the sample in and out o f the pipette tip at least 10 times. 
The Zip Tip®, with the peptides now bound to the C-18 column, was washed with 0.1% 
TFA. The peptides were eluted with 50% ACN.
10.2.5 Mass Spectromety
All experiments were performed using a PerSeptive Biosystems Inc. 
(Framingham, MA) Voyager linear MALDI-TOF instrument with an N2  laser in positive- 
ion mode. Each mass spectrum is an average of at least 32 scans. A 19-point smooth 
was performed on all spectra acquired. For all experiments, the accelerating voltage was 
held at 28 kV, and laser power was set to the minimum level necessary to generate a 
reasonable signal (threshold). The low-mass gate was used in all spectra recorded to 
reduce the ion abundances o f  matrix ions. A two-point calibration using bradykinin 
fragment 1-5 and insulin was used for all analyses o f the digestion products.
10.3 Results and Discussions
A typical electropherogram o f the PS II protein complex is shown in Figure 10.2. 
The first two bands correspond to CP 47 and CP 43. The other bands observed in the gel 
consist of other intrinsic and extrinsic polypeptides associated with the PS II protein 
complex. Combining MALDI-TOF-MS with SDS-PAGE can be technically challenging.
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CP 47 
CP 43
Figure 19.2. Typical electropherogram o f the photosystem II (PSII) 
membrane protein complex separated by SDS-PAGE and visualized with 
copper stain. Bands corresponding to CP 43 and CP 47 were excised and 
destained. Three bands o f  the CP 43 or CP 47 were in-gel digested with 
trypsin overnight.
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The salts, buffers, acrylamide and other contaminants can degrade the quality o f  the mass 
spectrum and make it difficult to accurately assign peaks in a mass spectrum to predict 
digestion products. In addition, removing the proteins from the gel matrix is not 
extremely efficient. Electroelution (Clarke, Li et al., 1998), electroblotting (Strupat, 
Karas et al., 1994; Vestling and Fenselau, 1994), direct desorption from ultrathin gels 
(Ogorzalek Loo, Mitchell et al., 1997) and passive elution (Beavis and Chait. 1990; 
Shevchenko, Wilm et al., 1996; Cohen and Chait, 1997) have all been investigated 
previously.
The gel-eluted proteins must be purified before addition o f surfactant and mass 
spectral analysis. Figure 10.3a is the mass spectrum of an in-gel digestion of CP 47, 
eluted from the gel and directly analyzed with DHB in 60% ACN/0.1% TFA. Figure 
10.3b is the same sample that has been ZipTip® purified. The Zip Tip® purification 
dramatically improves the quality of the mass spectrum. However, it is possible that not 
all of the peptides are eluted from the Ci8 resin in the Zip Tip®. Because the goal o f this 
Chapter is to increase the mass coverage in a mass spectrum of a tryptic digestion, the use 
of Zip Tips® was discontinued until the elution conditions could be optimized for 
hydrophobic peptides.
Figure 10.4 is the mass spectrum o f CP 47 brought up in twice the CMC o f  SDS. 
Without any pre-purification, this mass spectrum is very difficult to interpret. Peaks 
labeled d and e are new peaks observed in comparison to the mass spectrum without the 
addition of surfactant, and these two peaks are not observed in the blank. However, 
without any purification, peaks labeled d and e are regarded with low confidence that 
they are tryptic peptides. Chapter 9 demonstrated that washing sample spots containing
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Figure 10.3. Tryptic digestion products of CP 47 analyzed with saturated 
DHB in 60% ACN/0.1% TFA a) no sample purification before MALDI 
analysis and b) sample purification with a Zip Tip eluted with 50% ACN.
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Figure 10.4. Tryptic digestion products o f  CP 47 prepared in twice the 
CMC o f SDS analyzed with saturated DHB in 60% ACN/0.1% TFA.
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SDS with water before analysis improves the quality o f the mass spectrum. Sample spot 
washing could be very beneficial to these analyses.
The next experiments performed were in-gel tryptic digests o f CP 43 analyzed 
using MALDI-MS by preparing the samples in 0.1% TFA, 7:3 formic 
acidrhexafluoroisopropanol (Schey method), twice the CMC of SDS, and twice the CMC 
o f OG. Figure 10.5 is the mass spectra acquired from the digestion products of CP 43 
prepared using a) 0.1% TFA and b) the Schey method. Both mass spectra give the same 
tryptic mass matches for a theoretical digestion o f CP 43, which indicates the sample 
preparation specific for hydrophobic proteins (Schey method) does little to improve the 
mass coverage of a tryptic digest in comparison to standard methods.
Figure 10.6 is the mass spectra acquired o f the digestion products prepared using a) 
twice the CMC of SDS and b) twice the CMC of OG. The addition of SDS causes 
significant degradation o f the mass spectra, while the addition o f OG does not degrade 
the mass spectrum. OG has been previously shown to be tolerated by MALDI analysis 
(Bamidge, Dratz et al., 1997) and this data supports this finding. The sample spot o f the 
tryptic digestion products prepared in twice the CMC of SDS was not washed as 
discussed in Section 9.3.1.3 and it is expected that following that procedure would result 
in a much higher quality mass spectrum. The data presented here also confirms that SDS 
does cause mass spectral degradation as seen by others previously cited. A higher quality 
mass spectrum may increase the mass coverage observed as discussed in Section 9.3.1.3. 
In Chapter 8 , it was determined that it was the sodium present in SDS that caused the 
degradation of the mass spectrum and not the SDS itself. With careful sample 
preparation, which may include the use o f cation exchange
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Figure 10.5. Tryptic digestion products of CP 43 prepared in a) 0.1% TFA 
and analyzed with DHB in 60% ACN/0.1% TFA and b) 7:3 formic acid: 
hexafluoroisopropanol and analyzed with DHB in 70% formic acid.
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Figure 10.6. Tryptic digestion products of CP 43 prepared in a) twice 
the CMC o f SDS and analyzed with DHB in 60% ACN/0.1% TFA and 
b) twice the CMC of OG and analyzed with DHB in 60% ACN/0.1% TFA.
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resin beads, spot washing techniques and possibly Zip Tips®, it is expected SDS can 
greatly extend the utility o f  MALDI-MS to include membrane proteins supported by the 
preliminary data shown here. Table 10.1 compares the peaks observed for all the methods 
examined with CP 43.
Table 10.1. Theoretical tryptic digestion products o f  CP 43 compared with experimental 
results acquired with MALDI-MS samples prepared in 0.1% TFA, by the Schey method, 





0.1% TFA Schey Twice
SDS
Twice OG
FWDLR I 736.9 737.4 738.3 736.9 734.4
TLYSLRR 2 909.1 — — 909.7 —
GPNGLDLSR 3 929.0 929.7 930.2 929.3 926.1
APWLEPLR 4 982.2 981.8 982.1 981.1 978.9
DIQPWQER 5 1072.2 1071.8 1072.1 1070.5 1068.8
AAAAGFEKGIDR 6 1206.3 — — 1204.9 —
GPNGLDLSRLKK 7 1298.5 — — 1298.4 1302.1
SPTGEVIFGGETMR 8 1481.7 1479.9 1479.9 1479.3 1477.1
DQETTGFAWWAGNAR 9 1710.8 1709.1 1708.3 1704.5 1704.2
Samples prepared in twice the CMC of SDS possibly show two more peaks and 
samples prepared with OG show one more peak in comparison to samples prepared in 
0.1% TFA and by the Schey method. The poor quality o f the mass spectrum acquired of 
samples prepared with SDS make it difficult to measure the full benefits of this technique 
for the analysis o f  CP 43 and CP 47.
10.4 Conclusions
Tryptic in-gel digestion products of CP 47 and CP 43 separated with SDS-PAGE 
were analyzed using SA-MALDI-MS and compared to samples prepared by standard 
methods. The addition of surfactant does slightly increase the peptide mass map 
coverage. However, the quality o f the mass spectrum is poor, so there is little confidence 
in the results. Using sodium removal techniques presented in Chapters 8  and 9 nay
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greatly improve the utility o f SA-MALDI-MS in combination with SDS-PAGE. Instead 
of rigorously removing the SDS prior to MALDI-MS analysis, the addition o f more SDS 
to achieve a concentration at or above the CMC followed by desalting the sample shows 
promise in extending MALDI-MS to wider applications including membrane proteins.
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CHAPTER 11. CONCLUSIONS 
11.1 Summary
The goal of this work was to improve matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry for the analysis of hydrophobic peptides and proteins. 
Two approaches were demonstrated. The first method involved solubilizing a model 
hydrophobic peptide and a matrix into a mixture of organic solvents and alcohol. The 
second method involved using surfactants to solubilize a model hydrophobic peptide in 
aqueous solutions that are compatible with standard peptide matrices.
A series of experiments were presented aimed at determining the optimal 
conditions for analysis o f hydrophobic peptides in aqueous solutions. The first set 
involved analysis o f  several different MALDI matrices at different matrixranalyte ratios 
to determine their effectiveness in generating good signal intensity and producing 
minimal fragmentation of the acid-labile protecting groups. In comparison to previously 
reported methods for analysis of hydrophobic peptides that used strong acids, the use o f 
organic solvents proved to be a superior method because acid-labile protecting groups 
remained intact when analyzed with organic solvents. The next set o f experiments was 
aimed at determining the optimum ratio o f organic solvent to alcohol. It was found that 
for ratios where the alcohol content was greater than the organic solvent, peaks 
corresponding to the loss of protecting groups dominated the mass spectra. However, a 
ratio too great in chloroform made the matrix too insoluble, and no signal or a very weak 
signal resulted. A 2:1 ratio of organic solventralcohol was found to produce the least 
fragmentation and the greatest ion abundances. A third set o f  experiments investigated 
cationization. The model hydrophobic peptide could only be detected as a
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pseudomolecular cation because there were no available sites o f protonation. Different 
cation salts were investigated to determine if  addition o f cation salts improved the 
pseudomolecular ion abundance. It was determined that residual sodium in the matrix 
and glassware was sufficient for efficient cationization. Also, sequential removal o f  salt 
from sample preparation steps determined that a cation is necessary for detection. Finally 
to demonstrate the effectiveness o f  the use of organic solvents:alcohol for sample 
preparation on other hydrophobic samples, a cyclic hydrophobic peptide was successfully 
analyzed.
The second series of experiments were presented for the optimization o f 
surfactant-aided matrix-assisted laser desorption/ionization mass spectrometry (SA- 
MALDI-MS). The first set o f experiments explored several different surfactants from 
anionic, cationic, nonionic and zwitterionic categories at different concentrations relative 
to the critical micelle concentration (CMC). Sodium dodecylsulfate (SDS) was 
determined to produce the highest quality mass spectra for a model hydrophobic peptide. 
No surfactant peaks were generated and minimal fragmentation o f  the protecting groups 
occurred. A second experiment demonstrated the usefulness o f SA-MALDI by 
successfully analyzing a mixture o f hydrophobic and hydrophilic peptides. SDS has 
been previously shown to cause severe degradation o f the mass spectra. However, it was 
shown that, by exchanging the sodium for ammonia with resin beads, the sodium present 
in the surfactant caused the degradation o f the mass spectrum and not the SDS.
Utility o f SA-MALDI-MS was demonstrated for use in protein mass mapping 
experiments. The mass coverage from a tryptic digest o f myoglobin and cytochrome c 
increased two-fold with SA-MALDI-MS in comparison to standard sample preparations.
182
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
SDS was a superior surfactant when compared to octyl-P-glucoside, a surfactant that has 
been used previously to analyze hydrophobic proteins. Hydrophobicity analysis o f the 
fragments detected was unable to explain why some peaks were only detectable in the 
presence o f surfactant. Relative concentrations o f the digestion products, the digestion 
coverage itself, the hydrophobicity, overall charge o f the peptide, ionization efficiency 
and the order o f  amino acid composition in the digestion product determine ion detection 
and are beyond the context o f  this study.
Finally, a last set o f experiments was performed in an attempt to combine SDS- 
PAGE and SA-MALDI. SDS-PAGE was carried out on Photosystem II, a hydrophobic 
protein complex. Two intrinsic membrane polypeptides, CP 43 and CP 47 were 
anlayzed using several different MALDI sample preparation techniques. The results 
from these experiments indicate the addition o f surfactant does increase the mass 
coverage observed by the mass spectrum. However, more sample preparation 
investigations are necessary before the true benefits o f combining SDS-PAGE and SA- 
MALDI are realized.
11.2 Future Studies
A number o f future experiments should be completed to improve SDS-PAGE 
combined with SA-MALDI and to investigate the mechanism by which the surfactant 
acts to increase the map coverage o f hydrophilic and hydrophobic mixtures. The 
proceeding section list possible experiments for these studies.
11.2.1 Improving SDS-PAGE and SA-MALDI
The key to analyzing proteins or tryptic peptide extracted from gels is going to be 
optimizing a sufficient purification procedure that will not lose hydrophobic samples in
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the process. One method might be to continue the use o f Zip Tips® that have been 
optimized for hydrophobic peptides using different elution mixtures. A second 
possibility is the use o f spin columns to filter out masses below a particular mass range. 
This would work best if  the whole protein was to be eluted from the gel, followed by spin 
column purification and then digested in solution (as opposed to in-gel digestion). Again, 
care would have to be taken to not lose hydrophobic proteins in the purification process. 
These experiments should be carried out on a model synthetic hydrophobic sample before 
attempting with the Photosystem II protein complex simply because isolating the PS II 
from spinach is labor intensive and limited sample is available from Professor Bricker’s 
laboratory. Finally, examination o f blotting membranes should be investigated as a way 
to purify and extract the samples from the gel. A SDS-PAGE gel could be blotted onto 
nitrocellulose and visualized with Ponceau S. Ponceau S has been shown to not interfere 
with MALDI mass spectra o f proteins. The drawback to Ponceau S is that it is not as 
sensitive as commassie brilliant blue. Commassie brilliant blue forms adducts with the 
peptides and is observed in the mass spectrum. After staining, the proteins could be 
eluted from the nitrocellulose in a 40% solution o f acetonitrille in ammonium acetate for 
three hours at 60°C for three hours. Protein extraction from nitrocellulose has been 
shown to have a  70 - 90% recovery rate, including hydrophobic proteins. The eluted 
proteins could then be subjected to enzymatic digestion and SA-MALDI-MS.
11.2.2 Mechanism of Surfactant in SA-MALDI-MS
The mechanism of the surfactant was not clear when the hydrophobicity o f the 
peptides was examined. It was apparent in the studies that the CMC value was important 
for the analysis of hydrophobic peptides. The role o f  SDS in regards to PAGE is to bind
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uniformly to form an SDS-polypeptide complex along the polypeptide chain such that the 
charge per unit length is constant (Jones, 1992). SDS binds to proteins fairly specifically 
in a mass ratio o f 4:1 which averages one SDS molecule for every two amino acid 
residues (Walker, 1996). Concentrations o f  SDS for PAGE analysis o f proteins are 
typically 0.1%, less than the concentration o f  the CMC of SDS. The CMC concentration 
was found to be important in obtaining mass spectral data of hydrophobic peptides, 
therefore it is speculated the role of SDS is different from its role in SDS-PAGE. Micelle 
aggregates are typically spherical and the CMC is dependant on hydrophobic- 
hydrophillic balance o f  the monomer, temperature and ionic strength o f the solution 
(Jones, 1992; Langevin, 1992). The aggregation number of monomers at the CMC of 
SDS is 71 at 23°C (Porter, 1994). Surfactant micelle structure and bacteriorhodopsin 
have been examined with alkylammonium surfactants. Solubility of the membrane 
increased with increasing surfactant concentration, and eventually decreased at higher 
concentrations (Tan and Birge, 1996). Similar results were observed in relation to ion 
abundance from the mass spectrum and SDS concentration of the solution in Chapter 8 . 
Tan et al. concluded that solubilization of bacteriorhodopsin was dependant on the 
micellular environment, length of surfactant tail, the size of the head group and the 
hydrophobicity of the head group. Solution-phase hydrogen/deuterium exchange 
reactions might be an interesting experiment to probe surfactant/peptide interactions. It is 
assumed that the micelle is interacting with the peptide, which could be studied by 
examining the deuterium incorporation o f the peptide with and without surfactant present. 
If incorporation decreases in the presence o f surfactant, it indicates the peptide in 
surrounded by the micelle, which would block deuterium exchange.
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HPLC o f the digestion mixture followed by MALDI-MS and SA-MALDI-MS 
analysis could reduce effects from factors like ion suppression by easily ionized analytes. 
Mass spectral analysis o f  the peaks separated by HPLC would reduce relative analyte 
concentration and ion suppression effects. The above experiments should further extend 
the utility of SA-MALDI and provide insight as to the mechanism of the surfactant.
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APPENDIX. LIST OF ABBREVIATIONS
arau atomic mass unit
Ap adenosine 3'-monophosphate
B magnetic field strength in Tesla
BE reverse-geometry mass spectrometry







DHB 2 ,5-dihydroxy benzoic acid







EB forward-geometry mass spectrometer
Ek kinetic energy in joules
E|ab collision energy
ESI electrospray ionization
FAB fast atom bombardment






m mass in Daltons










q charge in Coulombs
Quin quinuclidine
r radius (magnetic sector)
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R radius (electric sector)
r.f. radiofrequency
S A sinapinic acid
SA-MALDI-MS surfactant-aided matrix assisted laser desorption/ionization
mass spectrometry 
SDS sodium dodecylsulfate







UHF unrestricted Hartree Fock
Up uracil 3’-monophosphate
Va accelerating voltage in electron volts
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